REMARKS 

In the Office Action dated May 6, 2009, claims 1-60 were pending. Claims 4» 8-9, 
13-16, 20-22, 25, 27-29, 33, 37-38, 42-45, 49-51, 54, 56-58 and 60 were withdrawn from further 
consideration as drawn to non-elected subject matter. Claims 1-3, 5-7, 10-12, 17-19, 23-24, 26, 
30-32, 34-36, 39-41, 46-48, 52-53, 55 and 59 were under examination as they read on a method 
of modulating the inflammatory response/therapeutically and/or prophylactically treating a 
condition, wherein modulating is downregulation of activin functional activity, achieved by 
introducing a proteinaceous molecule which functions as an antagonist of the activin expression 
product, wherein the antagonist is foUistatin, and wherein (i) airway inflammation is the elected 
specific condition; (ii) an acute inflammatory response is the elected inflammatory response; 
and (iii) activin A is being targeted. 

The title of the application was objected to as not descriptive of the invention being 
claimed. A number of claims were objected to under 37 CFR § 1 .75(c) as improper multiple 
dependent claims. Claims 31-32, 34-36, 39-41, 46-48, 52-53, 55 and 59 were rejected under 35 
U.S.C. § 101. Claims 1-3, 5-7, 10-12, 17-19, 23-24, 26, 30-32, 34-36, 39-41, 46-48, 52-53, 55 
and 59 were rejected under 35 U.S.C. §1 12, second paragraph, as allegedly indefinite. Claims 
1-3, 5-7, 10-12, 17-19, 23-24, 26, 30-32, 34-36, 39-41, 46-48, 52-53, 55 and 59 were rejected 
under 35 U.S.C. §112, first paragraph, for allegedly failing to satisfy both the enablement 
requirement and the written description requirement. Claims 1-3, 5-7, 10-12, 17-19, 23-24, 26, 
30-32, 34-36, 39-41, 46-48, 52-53, 55 and 59 were rqected under 35 U.S.C. § 102(b) as 
allegedly anticipated by U.S. Patent Publication No. 20030162715. Claims 1-3, 5-7, 10-12, 17- 
19, 23-24, 26, 30-32, 34-36, 39-41, 46-48, 52-53, 55 and 59 were also rejected under 35 U.S.C. 
§ 102(b) as allegedly anticipated by WO 03/006057. 

o H:\work\S36\19721\Amenid\lS>721.aml.doc 



This Response addresses each of the Examiner's rejections and objections. 
Applicants therefore respectftiliy submit that the present application is in condition for 
allowance. Favorable consideration of all pending claims is therefore respectfully requested 

Claim Amendments 

Independent claims 1 and 2 have been amended to fttrther define the term 
"modulating" as "downreguiating", consistent with the elected invention* Additionally, claims 1 
and 2 have been amended to delineate that the downregulation is directed to "the functional 
activity ofactivin A or acttvin B'\ as supported by original claims 3-4, and is achieved by 
introducing an activin antagonist, as supported by claim 23. 

Claims 5, 9, 10^ 15, 18, 23 and 30 have been amended in their dependenci^* 

Claims 3-4, 1 7, 24-25 and 3 1 -60 have been canceled without prejudice. 

No new matter is introduced by the foregoing amendments. 

Title 

The Examiner has objected to the generality of the title. The title has been amended 
to more cjearly delineate the claimed invention. Withdrawal of the objection to the title is 
requested. 

Multiple dependent claims 

A number of claims were objected to under 37 CFR § 1 ,75(c) as improper multiple 
dependent claims. Applicants have amended the claims such that the claims under examination 
do not include improper multiple dependent claims. 
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Claims 31-32, 34-36, 39-41, 46-48, 52-53, 55 and 59 were rejected under 35 U,S.C. 
§ 101, because these claims were written as me claims without setting forth any steps involved 
in the process. The rejection is moot in light of the cancellation of these claims. 

35 aS.C S112. Second Parasraoh 

Claims 1-3, 5-7, 10-12, 17-19, 23-24, 26, 30-32, 34-36, 39-41, 46-48, 52-53, 55 and 
59 were rejected under 35 U.S.C. §112, second paragraph, as allegedly indefinite* 

Specifically, regarding claims 31*32, 34-36, 39-41, 46-48, 52-53 and 59, the 
Examiner states that these claims (me claims) do not set forth any active steps involved in the 
process. The indefiniteness rejection of these claims is moot in hght of the cancellation of these 
claims. 

Regarding claims 1-3, 5-7, 10-12, 17-19, 30-32, 34-36, 39-41, 46-48, 53 and 59, the 
Examiner considers these claims to be incomplete for omitting essential elements, i.e., the 
modulatory agent. The claims, as amended, recite "introducing ... an activin antagonist", which 
obviates the rejection. 

In view of the foregoing, the rejection under 35 U,S.C. §1 12, second paragraph, is 
overcome, and withdrawal thereof is respectfully requested. 

35 SI 12. First Paragraph (Enablement) 

Claims 1-3, 5-7, 10-12, 17-19, 23-24, 26, 30-32, 34^36, 39^1, 46-48, 52-53, 55 and 
59 were rejected under 35 U.S.C. § 1 12, first paragraph, for allegedly failing to satisfy the 
enablement requirement. In raising this rejection, the Examiner has identified several issues, 
each of which is addressed hereinbelow. 
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in the first imtance, the Examiner states that while the claims ate directed to methods 
of modulating the inflammatory responses in a mammal, the claims do not recite any agent to be 
used to achieve modulation. 

As submitted above, the claims have been amended to delineate downregulating the 
functional activity of activin A or activin B, wherein the down regulation is achieved by 
'^introducing ... an activin antagonist". Clearly, the claims as amended employ an activin 
antagonist as the modulatory agent. 

The Examiner has alleged that the specification fails to show a modulator or agent 
that would either upregulate or downregulate activin to a functional effective level The 
Examiner refers to the specification on page 60, line 20 (Example 1), where it is disclosed that 
the peak release of activin A was not affected by the administration of rhfoliistatin-288. 

Applicants respectfully submit that given that foUistatin functions as an antagonist to 
activin A, one would not expect it to affect the release of activin A, that is activin A levels. 
Rather, follistatin antagonizes the activin expression product such that activin becomes non- 
functional - that is, activin is effectively neutralized by follistatin. This is clearly demonstrated 
in Example 1 of the specification, showing that the concentration of TNFa was reduced by 50% 
as a result of the binding of follistatin to activin A, thereby blocking the functional activity of 
activin A. See page 29, bottom paragraph of the specification. The specification therefore 
clearly provides at least one actual example of an antagonist, specifically rhfollistatin-288. 

In relation to the scope of modulatory agents as claimed, i.e., activin antagonist, it is 
respectfully submitted that activin, being the molecule which is the subject of modulation 
herein, is not a novel protein. Rather, activin is a well known protein, which is encoded by m 
extensively characterized gene. Accordingly, the present application is not directed to the 
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>■ identification of a new molecule, but rather is based on the identification of a new functional 
piitcome via modulation of the activity of a known molecule. More specifically, the invention 
as claimed is directed to the use of agents which antagonize the activity of a molecule that has 
been exteMively characterized at both the structoral and functional levels, hi this regard, it is 
noted that agents which antagonize activin, and classes of agents in this regard, are well known 
and have been extensively described in the art. The specification provides non-limiting 
exemplification in this regard. For example, the specification disclose antibodies directed to 
activin (page 32, line 13), foUistatin (page 34), Smad7 (page 34, line 16), activin a subunit pc 
subunit, activin mutants (page 34^ line 24) and soluble activin receptor (page 34. 

Further, identification of agents that antagonize the activity of activin has been and 
can be facilitated by virtue of the well characterized nature of activin. In this regard, Applicants 
draw the Examiner's attention to the fact that the specification also provide a general 
description of methodologies for screening and identifying relevant antagonists (page 35, line 9 
- page 40, line 1 8). Moreover, the art has documented a number of activin assays, which were 
in use prior to the priority date of the present application and which detect the actions of activin 
bioactivity and immunoactivity; for example, 

• Anterior Pituitary cells in culture: Activin A and B were first purified by their capacity 
to stimulate the secretion of Follicle Stimulating Hormone [FSH] by anterior pituitary 
cells in culture[Ling et al 1986; Vale et al 1986], the same culture system used earlier 
to isolate inhibin, a suppressor of FSH secretion [Robertson et al 1984]. Later, the same 
assay system was used to isolate foUistatin, also called FSH suppressing protein 
[Robertson et al 1987; Ueno et al 1987]; 

# Human Leukaemia Cell Line THPA: hi studying the nature of the factor that caused the 
above cell line to undertake erythroid differentiation, the purification process used the 
above assay to track and purify activin A [Eto et al \9%lBiochemBiophys Res Commun 
142:1095-1103, 1987]; 
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• Rat Thymocyte culture: Activin A was shown in this assay system to dose dependently 
inhibit thymidine uptake an action inhibited by inhibin [Hedger et al 1989 Mol Cell 
Endocrinol 61:133-138, 1989]; 

• 3T3 cell cultures: In the same study reported immediately above, activin A stimulated 
thymidine uptake in a dose dependent manner; 

• Plasmacytoma cell line MPCl 1 : Activin A dose-dependently inhibited the proliferation 
of these cells in vitro, an action that could be dose-dependently inhibited by foilistatin 
[mmpsetaLl999,J. Endocrinology 162:111416, 1999]; 

• Radioimmunoassay for activin A: This paper describes the quantitation of activin A in a 
range of biological fluids [McFarlane et al 1996, Eur J Endocrinol 134:418-489]; 

• Elisa for activin A: This paper describes the development of an ELESA for activin A 
measurements in biological fluids and is still the assay system used to measure activin A 
levels [Knight et al 1 996 J Endocrinol 148:267-279, 

Accordingly, assays for screening for or identifying activin antagonists were known 
before the priority date of the present application, and were routinely used both then and during 
the years since this application was filed. 

Therefore, the specification both identifies specific antagonists and describes means 
of screening for antagonists* The art at the relevant time also documented assays for screening 
for activin antagonists. As such, those skilled in the art have knowledge of and access to a range 
of known agents or classes of agents which can antagonize the activity of activin, without the 
need to nec^sarily perform screening methodology. Additionally, those skilled in the art would 
also be able to readily determine whether a molecule or compound is an activin antagonist based 
on the assays routinely used in the art. It is therefore respectfully submitted that it would not 
require undue experimentation for the skilled person to practice the claimed invention by 
employing an activin antagonist. 

Further, the Examiner has objected to the aspect of claim 2 relating to 
"prophylactically" treating a condition or a predisposition to the development of a condition. 
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Without prejudice and in order to advance prosecution, the claims have been amended to delete 
references to "prophylacticaliy". 

The Examiner has also rejected the recitation of "fragments, derivatives, mutants or 
variants" of activin. Without prejudice and in order to advance prosecution, the claims have 
been amended to delete these terms* 

Moreover, the Examiner has raised a rejection that the specification only disclose 
the release of activin A in LPS challenged mice and does not provide sufficient support for any 
other activin. 

Applicants would like to correct the Examiner's misinterpretation of the specification 
in this regard. Although the specification does provide exemplification in relation to the release 
of activin A in the context of the inflammatory response, it also provides, in Example 7, 
information in relation to the release of activin B in response to CCL4 injection. Data are also 
provided in relation to the release of activin B in response to LPS treatment. The specification 
therefore provides detailed support for both activin A and activin B (see also Figure 6 and 7 of 
the specification) in the context of regulating inflammation. 

In order to advance prosecution and without prejudice, the claims have been 
amended such that they are directed to the downregulation of activin A and activin B activity. 
The Examiner*s rejection that the claims are directed to activin molecules which are not 
disclosed in the specification is therefore rendered moot 

The Examiner has also rejected claims 17-19 on the ground that they are directed to 
downregulating pro-inflammatory cytokines such as TNFa, IL-1 and/or IL-6. However, the 
Examiner points out that the results described at page 21 of the specification are arguably 
contradictory in that pre-treatment with recombinant follistatin-288 led to IL-6 peak 
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concentrations that were increased and not decreased in LPS challenged mice. 

Applicants respectfully submit that these results are not contradictory. The 
introduction of foUistatin to treat inflammation results in a shift in the cytokine cascade which 
subsequently occurs. Levels of TNFa are effectively halved subsequently to foUistatin 
introduction and this does lead to what appears to be an increase in the level of IL-6 in the 
response. However, whereas lL-6 levels are increased at the 1 hr time point, the levels of IL-6 at 
later time points are significantly reduced. Overall, the IL-6 response is therefore shifted in 
response to foUistatin such that although it peaks at 50,000 mg/ml at the 1 hr time point, this is 
effectively shifted forward and drops off very quickly; whereas in the absence of foUistatin 
although peaking at only 20,000 mg/ml at the 2 hr time point, it is retained at significant levels 
for 12 hrSj in contrast to the situation in the presence of foUistatin, by the 5 hr mark, the levels of 
IL-6 are negligible. Therefore, the data in the specification are not inconsistent with that which 
has been claimed. Neverthel^s, claims 17-19 have been amended in an effort to clarify their 
language. 

The Examiner has also taken the position that the specification is not enabled for a 
method for treating inflammatory responses which occur in the context of airway inflammation 
such as asthma. 

In response. Applicants submit that the specification does provide prophetic 
examples in relation to airway inflammation (see Examples 3-6). Additionally, the specification 
also provides actual examples; e.g., the specification (Example 2 on pages 61-62) discloses 
examination of activin in a mouse of experimental allergic asthma. As additional support, 
Applicants provide herewith Exhibit 1, which include additional data in relation to airway 
inflarmnation. See the Results section, including particularly the paragraph on the last page 
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reporting the inhibitory effect of exogenous follistatin on establishment of an allergen-specific 
Th2 recall response in mice. 

In view of the foregoing, Applicants have addressed each and every grounds of the 
enablement rejection. Applicants respectfully submit that the claims as presently recited are 
fully enabled. Reconsideration and withdrawal of the enablement rejection are therefore 
respectfully requested, 

35 U*S. C SI 12, First Paragraph (Jf^ritten Description) 

Claims 1-3, 5-7, 10-12, 17-19, 23-24, 26, 30-32, 34-36, 39-41, 46-48, 52-53, 55 and 
59 are rejected under 35 U.S.C. §112, first paragraph, for allegedly failing to satisfy the written 
description requirement. 

The Examiner has rejected the use of generic statements such as '^modulating a 
functional activity of activin" or "modulating the level of activin or fragment. . on the ground 
that such general recitation does not define the invention or distinguish the claimed generic 
invention from others- 

Applicants respectfully submit that the claims have been amended such that they are 
more specifically directed to the use of an activin antagonist to downreguiate the inflammatory 
rasjponse. Applicants therefore believe that the issue raised by the Examiner in relation to the 
use of generic statements is rendered moot. 

The Examiner also takes the position that the specification does not provide an 
adequate written description for any of the following genus of molecules recited in the claims: 
(i) activin or fragments, derivatives, mutants or variants thereof, (ii) proteinaceous or non- 
proteinaceous molecule (iii) follistatin fimctional fragments, derivative, homologue or mimetic 
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thereof, or (iv) an agent capable of modulating the functionally effective level of activin. The 
Examiner contends that the specification only describes rhfoUistatin-2885 and has essentially left 
those skilled in the art to determine how the genns of molecules looks like* 

to terms of the Examiner^s objection to "fragments, derivatives, mutants or variants" 
of activin or follistatin, these tmns have been deleted from the claims* 

The claims as amended are directed to the use of activin antagonists. The Examiner 
states that the specification has only disclosed recombinant follistatin-288 as an activin 
antagonist. However, at page 34 of the specification there is provided an extensive list of 
activin antagonists, other than foilistatin, which can be used in the method of the invention. 
Further, the specification also describes assays which can be used to identify an activin 
antagonist or determine whether a given molecule is an activin antagonist. Therefore, 
Applicants respectfully submit that the specification provides adequate written description for 
the genus of "activin antagonist". 

hi view of the foregoing, Applicants respectfully submit that the claimed subject 
matter as presently recited is adequately described. Reconsideration and withdrawal of the 
written description rejection are therefore respectfully requested. 

35 as.c sma>) 

as. Patent Publication No, 20030162715 

Claims 1-3, 5-7, 10-12, 17-19, 23-24, 26, 30-32, 34-36, 39-41, 46-'48, 52^53, 55 and 
59 were rejected under 35 U.S.C. § 102(b) as allegedly anticipated by U.S. Patent Pubhcation 
No. 20030162715 ("the 715 publication"). As noted by the Examiner, this publication relates to 
follistatin"3.;protein. 
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Applicants respectfully submit that the follistatin-like-3 (FSTL3) protein disclosed in 
the 715 publication, also known as FST^-related gene (FLRG) and FST-related protein (FSRP), 
is not the same protein as foUistatin. Applicants take note of the title of the paper by Tortoriello 
et aL, "Human foUistatin-related protein: A structural homologue of foUistatin with nuclear 
localization (Endocrinology 142:3426-3434, 2001) (attached hereto as Exhibit 2). The reasons 
for the designation of FSTL3 as a follistatin homologue are provided below. 

The proteins^ FSTL3 and foUistatin, are encoded by separate genes^ and each is an 
unique protein which exhibits its own distinct roles, as demonstrated when the gene for each 
protein is knocked out (see Matzuk et al. Nature 374:360-363, 1995 for follistatin knock-out & 
Mukherjee etaU Proc Natl Acad Set USA 104:13484353, 2007; attached hereto as Exhibits 3- 
4). Although the two proteins have three follistatin domains with some homology, domain 1 in 
follistatin contains a heparin binding site that enables follistatin to bind to heparin sulphate 
proteoglycans on cell surfaces. In contrast, FSTL-3 has a different domain 1 that lacks a heparin 
binding site and is unable to bind to cell surfaces* 

In a detailed study of the actions of follistatin and FSTL-3j Sidis et al 

(Endocrinology 147:3586-3597^ 2006) (Exhibit 5) made the following comments regarding the 

biological activity of the two proteins (see page 3587): 

FSTL-3 does not have an heparin binding site, cannot bind to cell surface 
proteoglycans and is a weak antagonist of endogenous [autocrine] activin despite 
being only slightly less potent in neutralizing exogenous [endocrine/paracrine] 
activin. These distinctions between FSTL-3 and follistatin support the concept that 
the presence of a functional heparin binding site is a critical biochemical 
determinant for endogenous activin inhibition. " 

On page 3595, foilistatin-3 state as a conclusion to their studies: 

"/m summary, our results clarify the activin-binding affinity among the follistatin 
isoforms and FSTL-S and demonstrate that their differential activin regulating 
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activity is dependent on their relative celUsurface-binding activity rather than on 
differential activin-binding affinity. Our results also define the relative specificity of 
... binding and inhibitory activity for a number of related TOF-fi-family ligands by the 
follistatin isoforins and FSTL-3, with FSTL-3 being almost completely inactive in 
regulating BMP ligands, thereby suggested that in vivo, FSTL-3 is unlikely to 
regulate BMP activity. Finally, our results suggest that the in vivo biological roles of 
the FSTisoforms and FSTL-3 are likely to be distinct, dependent on their relative 
cell surface binding activity and consequent compartmentalization within the body 
as well as on colocalization of biosynthesis in different tissues. " 

These differences are higjilighted by the different outcomes when their genes are 

subjected to targeted disruption, Matzuk et al. (Exhibit 3) report that knock-out of the 

foUistatin gene results in death of all offspring within a few hours after birth due to an inability 

to breathe, and the pups have abnormal skin as well as whisker and skeletal abnormalities. In 

contrast, disraption of the FSTL3 gene is reported by Mukherjee et al (Exhibit 4), which shows 

that the miqe survive to adulthood^ have enlarged islets of Langerhans in the pancreas, reduced 

visceral fat and enhanced glucose tolerance and increased insulin sensitivity, and also develop 

hypertension. 

Therefore, the disclosure of the 715 publication, which relates to the follistatin-3 
protein, is not relevant to the claimed invention involving follistatin. The 715 publication does 
not teach the claimed invention. Withdrawal of the § 1 02(b) rejection based on the 715 
publication is respectfully requested. 
WO03/006057 

Claims 1-3, 5-7, 10-12, 17-19, 23-24, 26, 30'-32, 34-36, 39-41, 46-48, 52-53, 55 and 
59 were rejected under 35 U.S,C. § 102(b) as allegedly anticipated by WO 03/006057. As noted 
by the Examiner, WO'057 discloses the use of follistatin to treat fibrosis. 

hi response, Applicants submit that fibrosis is a different condition from 
inflammation. Although fibrosis can occur subsequently to inflammation, it is not itself an 
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inflammatory response. Fibrosis is a form of scarring which leads to loss of elasticity of the 
lung tissue, and is characterized by the deposition of a collagen avascular matrix in a wound. 
Although fibrosis is a condition which can occur subsequently to chronic inflammation, it can 
also occur in a situation such as fibrinolysis where a fibrin clot, which is the product of 
coagulation, is broken down. 

The claimed invention is directed to the treatment of inflammation and not the 
treatment of fibrosis. These are two distinct conditions. Inflammation can occur without the 
onset of subsequent fibrosis, and fibrosis can be initiated without a preceding inflammatory 
response. 

Accordingly, Applicants respectfully submit that the treatment of fibrosis does not 
equate to the treatment of an inflammatory response. The disclosure of WO'057, which relates 
to the treatment of fibrosis, does not anticipate the claimed invention. Withdrawal of the 
§1 02(b) rejection based on WO'057 is respectfully requested* 

Conclusion 

In view of the foregoing amendments and remarks, it is firmly believed that the 
subject application is in condition for allowance, which action is eamestly solicited. 



Scully, Scott, Murphy & Presser, P. 
400 Garden City Plaza-STE 300 
Garden City, New York 11530 
Telephone: 516-742-4343 (XZ:ab) 

Enc: Exhibits 1-5. 



RespectfiiUy submitted, 




Xiaochun Zhu 
Registration No. 56,3 1 1 
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16 b ai ttJls were dlscard«i, platts soaked in 

djsilJlcd wakT f»r lOmln and ^vasficd, UJoHnyJaled ilA 
(mS"240aK IL-S (TRFICH) (HD Pharroti^tn) or 11-13 
{liAP413, mu S>:sfcms) arrilbote ilWm&l In PBS were 
added for l.Sii, Plates wea* ^v,a)jhed and BxtrAvidln'*' - 
alkaline pJiospb;aKsi^ f Sigma -Atd rich added for 

1.5 b. VVaslKs were in 0XJ9^ Tween 2Q/PBS fplloived by 
PBS. Reaction product was dcvdcfped (Jtio^Rad, Rc|^nu 
Park, KSVY, Atisiralla 170*B412), plates wa.shed in mier 
ftttd a)r drted. {^alrcs y^cpt w»d on Bii^VdT reader 
(Auiolmmun Diai;nf)^{ka, Slra£»bi*r^ Orrmaity). 



Actwhi l:U^A mfdfnUl'itatin mdwimTtntmassay 

Ad Win A was measured win^ a speiiJi r HUSA I I7J awrd- 
In^fto !tw manufacnjirer's itwtmnlons {Oxford Bto-lnnova- 
tions. Upper Heyfbrd. Oxfwdsbiw, UK) wlHi swrae 
ntodlttcatbns asdtsscribcdpnrv'busly [161. Toilistaiin con- 
centraHoRs \verc measured In scrum anfj EAt fluid {CAIRI 
UAiitg a distonliiniuu^radblmmuriDaviay as diw.Tihe{lpre- 
viatisly [J8J, Wote that Mim adMn A «25n^ifiL, Inu 
fblliitalin" 35-45 n^^ml [^'sriablyglycwylated and dlfrcr- 
eiiJ liHjfomjii), tlie aciivin A ahtfbmJy (H'S^xLiJed fpr boih tlie 
SUS>A md lmmun»hlistjcb^mtsity wasoblaincd frftm Pro- 
fcssQT Nigct Oroomc, Oxford Brookes University, IIK* The 
^llislalln antibodies and 2E6) used for the Imrou- 
nosiisay and Jmmunohisttxrhembitiy were deveifipcd 'In 
hms^' anti h^tvc been niised ajjauiit pnrified native bovbe 
follistatln Of human rccnrnbtnant ^Htstatln. TJtc assay 
bufftr for «h*f UAIP sompU^s ^vas OjOSR?* »SA/t*&S. Mouse 
»;mm and BALH san^ltr dilutiom wen* parallel In a 
standard cuivtt (data not shown). The limit of acilvln A 
dciecllon fnr both scnim and fJALP samplw OjOI n^/ 
mL, Ibc limit nf feULsialb dd cttlon was <(IS and 
< 1.04 njF/ml. for sew m and BAtP samplttfe, respectively, 

{^ralfin m1bn.t ««rrc d waxed atnl rel^c^aicd and aitU" 
^ns retdtvd by immnslnf^ sSdvJf In O.0tu iKrati^ bu^cfr 
pH bcaihi||( in » tOOOW microwave ^vvn (hqirh fw 
2,5toJn, bw for 5n^n^ cool&ig at fnr 20mln. sind 
washinic In water for % tmn. Hndo^cnnw pcn&xidase was 
blo<;kca in 3<A H^O} fisr lOmln, end nnn-^irk bindlt^ 
fbr 111 (OAS block vAih fO% normat rabbit semtn, 
/lymnl LHbfn^9tnrl«s» fionth $m FlniinelK«. CA USA; 
00<^12<|. Settlonit twtr bcdbaicd wttli antjbixSwrspivl/k 
fbr th« Act Mn pA^^nH (Ii4) nr Ibllhl^in (2H6) at 10 
nil wwninJlif at A^C After wasbln{U slides wc» incubated 
In fiH^H Anti-mnu5<>I|;Ojib-petnxidasr{7;}'mod 6t"033(S m- 
IgM-pcnxidase {J^meii€t -^:»| dll^«d ]: 500 fnr 2 H for 
KtJvIn A an^S fnllistatln pnmajy iintl^ndit^ rtspwMKwIy. 
Silks vKtc washed in TrK^mlfcnsd Kad tnjS) aOS& 
1Wwi-3tOpH7,5. ilv^n MIIOO H^a K^artion prpdurl was 
<krvcJopcd \tfllh Sj^'HSamlnobeniddlne telr«hydipcblnrldfr 
5ub«irAtf kit {:&yni«d 00-2014}, uid smiions <vuiticrstalned 
in lla^1s^»heraatoxylm. All waM» steps were* In llJS/aiOSiHi 
*rwmi-m At^ibndlix wen* dlluifd In mBSA/JVS, Non- 
Immune nwustf anlibo^nf thcHpprv^jrfate immunojjlobit-- 
lln b»>typc wax mrd kr ncjSalivc roritFols {^ytned 02-fifiOQ 
and 02-£3O0 fbr li^vl and tgG»>, n»;p«c<ivply}. 



Sedions were analysed at x 200 or x^OO maplficailwi 
ustnft appropriately ^allbmled ImaiS*^-Pro Pla< B.0 sfift- 
ware' (Media Cybenwtlor, JJHwr Springs, MO. USA}. 11hc 



Ilncfir basemen r mt^lnntuf' Itrn^^th viytn mifrmre4 {mm], 

tvlls In ihc mm»y counitrd. ^idi3in|f number <3f |wsNivc 
crlb/mm basement mciflbrane, Tm iomays ptr mawnt 
m*re».^mHl,<^xi*vpt fdr (lie folltslatin Inhibhlon cxpcii^ 
nwtils vy^crc «U 2irw8y« in llic ltirM(s«cttnr» fr*»t» mh 
nroiisc wvrc Assessed (5&-iOO afm^s prf mouse)* Semi- 

pcrformcfi blinded »»t^g h scuk of where 
t » nrJ[^lJ^{^^)l<^ ^rtttlntng; and 5 U > d<Wb of Blrwaysiliow- 
Injj hli^ freqtwncy and/or voiuwe (ivll iUt?) of PAS- 



SlalUtks wre ddennio<?d u^lnj^ il,OA sofiwaitJ. 
The Mann-Whi mty lesi wns used, wit li a va lue <0.0S 
wmiidercd rfalbtlcftUy jsijsnlfK'ftrtt. Far iinal>^is of li.-l, 
IL-5ariiJ muruscell frequency in tlse frrUUtuUn f nhiblUun 
eTcperinHttls, data v;ere assstrjiAed far nurmaliSy und foi^* 
tnin^rtncd b<fore anaJysljE by axwAs 



Results 

Kinctioi ttfihfrpuhnmwfyaUcT^k inJhmmmTy rapmtae 

Groups; of mU'v were uiutlyKed tidier ewrh chutlcn^* und at 
\^t\om Ittnes afkr Ihe final (fuwl}} diall^^ntfir fffg. la). 
MLM ceH couhjs peuVH after Ihfr tecci>nd diJilli^nge in 
immuniis«d mtcis andf^ritdnally returned io pre-chnJkn^fe 
IwTs ly dny 1 7 CPi|t. lb). In contriutU (*AL cell mimbew 
peskcd al dny 9, vtWh rmmbcis remrfllngtopre-challcnjje 
kwJsby dfty 17 fr^ljj- H t>iffrrenil«J analysfeof BAl cells 
sl^vtNt that" eoMnoplttl Dvcfueney and total nunibew 
pe»k«d Jit days B and Q. dedSnlnj; rapidly ihcreafter 
{B^, Id), MacTOphajpra nnmbtfKi in HAL showed tm 
itpprnxlmste twofold tnL-reftspatdnys*^^!! tfi^, td)* There 
was j»n approxlmattlwotbld inmsiw In BAll^ It- 5 i^tv 
wtttralbnin OVA-intrntinlze^t mtw tf da>'«,aUhi3«||lino 
dSfflprencc wnat mm tA niber iimcs; no sijiUlfsml difTer- 
cnccs In SALF Il"4 CdncentmtloiM wen? seen at «ny time 
{dAlft not Ebfjv*n), In eonlmsst, EUSftJT Biwilyds of JW 
»nd IL-S pmtfuellon by MJK shnwed sui Incre&scd f«s 
<|uene>' of it-^- and JL-5-prodnclng cells Imnwdlalcly 
liiierthe M chaUengeuntil diiy K 7d»ys after the finftl 
djHlkn|je/rhe Wnciim of Hit 31-4 and 11.-5 response \wre 
vtjy similar, wl!h peak frequency «een iky B, »nd tt 
broiidsb<m}d«rpf modt'rate fa'qurn<;ypersUfinj^i]nl[)d9y 
W (El^s 2h and b), Ihe frequency of secirUni^ ceils 
ms ttlways ^aler than Ihsl for IL**5 at ihc c»m'^f>ndinj( 
ttmtspdnt. prothtction pe^iked Hi day but In 
ronimst tn <Jie rraults fbr and !L-5, tlie fr(H|ucney of 
EL^i3 pro^hicht^ sells still sl{^nificantly elevated at 
day 17 (Ptri, ae), Cnlleellvely ihesc'datit Indicate ftjtt the 
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dnlninjg Jympli m<fc! (L>0 <>fBjt Jwju««y <iF Ji-V (b) and 

1S;^13- pwducfag W irmSijaenxlU* P^,KJc<^lH»! >Ti<^f<^by BIJSPO^^ 

£roU]i per liin«<^}»int. mn i STtM. '*iit«fki)(u«l^ ;il{$nrK-«nl diflnnin 
b^'frtt aalinr andOW gmo^x 

jm^mn'APf' immune lesportaie periled After Jtirce to four 
challtftt^iw (days 6-8) atid^raduaily subsl4Jwf thea»«fter. 



AciivinitfidfMtatin vmicaiimtimts tnhrtmchw^phr 
hvagcfitdd 

HALF wasi colieticd at each ttn>e-putni and ailtvln A {*nd 
foJlfelaJItt eon<x»ntraJit?ti«s delermintsd. AtlK'ln A was 
barely detiHiiabk tn UAli'" from cnntroi ml«; at »ll (tmes. 
in eontraart, in DVA-^sensifiztd mice uefivin A concenira- 
tions were elevated after one OVA eballcit]i5e. and peaked 
on daysi 6 And 8 (after three to f^ur chailer^eist^ TUe 
actlvlrt A cnncentratton dr^spped rapidly beUveen days ? 
and 11, and had returned lo eontml levels by day 17 



flO eiays nfier final cliatk'n|*e] {H^. 3u). Ihitw was hIsd a 
clear tuLTiMsir In ftjllblalincDnt'cniral ions In I$AUF Ht <5ays 
e & O^ij?, 3h)* tlm parallding Ihc «ctjviR A kmtlics. 
Attlvin A and! folllsUHn Irvtis lai^ged tt'hlml the InOUl 

inttfinimatiorL No f)bvl<)t£^ Ducm&tlfjmr In uWt\ A or 
fDlHsUil in content f»\ loas In ^mm wtft stTn ftf ahy t imr- 
point {»cUvin A. <02n^Enl for both saliBt' and OVA 
j^roups: rdtlsU^iftt 3-S i^/mL litr both- sAllm tuidi WA 



the ihjkmed iung 

Broneliial tpltlwll«m twm CQtird mict'showwJ sSronj^ 
an^ uniform activin A\1»Uiiri^.Bt ti!) iitncji. hiciimo^ytrs 
rxpnrssti] actlvln A at tfeit'jlly, and ftccasittnally 
^ronii, bcflUjf^tton hy mBvropJjagcs wjb also seen [Fij?;. , 

MStu vihkh h»d rwivnJ one OVAdialktigc (day i) 
had aiiway morpholo}<y and locitlli^iillDtt of aciivln A 
crscntlally ifidl^ingulshabk tram enpt mis, fllih<7Ugh mild 
htfiammatton Wiis occMtonailly ofeserved (Fig, 4c). In 
vontrast, after (brcc tp f^mr OVA chalknijcs ihi^ic was a 
dnimsilic bjsK of actlvlrt A ."Gaining in airway t'piibrlmm, 
ttc^'ompanM by exktwslvt^criljronthtal pcrivasmJar 
inflsmrrmlionandtrplthclrnl hyptTtTtiphy. pl^cnrlc macro- 
phage in the innammattti^* Jtifjllrale sirort^ly ejqsrcsaajd 
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and OVTA gnnqrs. 



4. A<i!v3n A anJ fcHltfactiif kic*}l?!jHdti In jiimxyst Ac^vIh A 

pnbtxfa^' Activin Afciri^nlk^n x1 da^ t £nd ^and r; an<>Toiir smd 
rm{rOyA<rhiiiDm^.rt:tptCt)v^y]L«in^4ity 10 diry;^ ^Hfr thf foutf 
OVA cI^lIV3Ia^). PoIHrialia iocaMsaiioR in WJitroi iwng a«a M L 

acltvin A Th^rrt no difFtnrncvs tn the 

frequency of flctivtn A'Cxpr«Estn|? macrqpba^ ■bc^^vtt'n 
control andiftflamtd ]ung(d&tHnotsliQWn).Thtslructural 
changtrs and iwsociiit<*d lo^sof acMvln A pmNtd ihrpwj^ 
days 0-11 {diita TW5t slmvn), IJy dfiy 17 innummatltjn, 
airway Ihkfecning and t-pithdtal liyptrirophy had sub- 
sldwi ^thht>«^h m*^«l airways corninywl b show a matkrd 
loss of Hctivin A sUinln^ffPig. 4^). 

!ncd. Cant nil mkt^ had sirong unlJbim folll^aljw 
locftltoion in btoni'hiHl o^all hcHnsTJ at v&\ timr-po^nUs, 
Ft>llljsiattn WHS t!xpr«!*<?d weakly tiy prwrumfxrytcs, aJ- 
tliou^h strong staining by mHcrop^ja^ts was ocrasfonally 
notird (FiiJ. Ah), AHcf <jne OVA c1iallrn},t pailcm 
rcscmbittd ihat of wntrol rnl«e 'id), Howcwr, after 
{hrrcio four chstlcniSts the tnajorily of fiinvays sho^vvt) ^ 



nvar comp1ett» loss of rolUsiailn .^lalnicig. Pncumocytcs 
exprcRSieJ Mllstattn vti Incrrosed iSensity aJitS discrete 

wUh ^clMn A. Ihcrc wcwno diffcrcniiestn ihv frequency 

Jtttd inHamcd [M^ na\ shown). These i'hBH|j|cs 
fK'rsHtltd lhn>u|Cii tkys ^^\\ fdnU rm\ shown). FoHl^iufin 
lixralisEilmn rrmuinrd m^rUslly HHjna*^ \n the trt^j^rUy of 

hUtiHpitkSih of singly r^plthrlttim \t> j^oblcl <viih h a 
iximmon fiirsturr of i^sfhniii in misuse modrls Airid 
humam ^V)c^ fnvrisllgjitt^it thcpc£5lM« TdaUoruhip bctwi'eti 
loss oTuiUvIn A/CblllMalhi tolUsttortby yArmy ^pMhiy 
\lvan attd ticqulshion of a mu.cuiH»»:rdjn^ plu^iotype. 
Conf fo! mkp had cfimplt^t<^absc^tw tsf munn-prodycmg 
crils in the sirways al all tin3e-po(nt5(f^i|$. Sa}* After one 
OVA rftallcnijc niiici3S*pn3dtuctn]f ^^iblcj cdbwrn'^vity 
tRfft'<|ttc^m]y ^w^ttt {Fig. 5ljj. Hflwi-v^cr, after four thHlkngtai 
iUv- nflmbcr of airways conl^Jlnin^^obld wll.« wasfir-i" 
iDHlkaUy incrtawd, aliho'ygh ihv fr«jticni'y of positive 
(xll.-swttiiln inciivlfiiiJil »ir«»iys vanabl^? {^Ij^ 5c). Ilie 
numhcr of airways confab in^^ i^obkt cells tjad rftTresixst 
|pf'<3ay 17 (10 ihyH aflcrthc final rhancnjJJrK alihough \i 
Wits still drttHy «^^^vat«^^l<c?mpJtM to coiitroK wnd vjirtsi- 
lion between liMltvlihiHl utrways aptn itotviifFtjip Sd). 

Qoantiuinve analysis ofacHms./ollhintlH smd fnucus 

anatysis was pt^rformwi B;t ^h^T^^ kify timc-poifrls to 
more pf«ri<fc1y lm'^?5tt^Ht{^ llic dytiwrnk^ -t>f tidivln A, 
foniiJt;ttin iiad muow locHlizatlDR In tln^ alnvny*. After 
owt OVA chitMcnUle tJw frequency of Hdlvin Ai-posHJvc 




ColtTrt ^*St tTJ *in*i'iy» from OVA Tfticv al ^*yfl fi ai>3 17 (b-^d. 



cpltheUat 7ell$ wi4s nearly tdcntital to control's (llO/mm 
bHscmtnt jwtnbranc; l^iij, 6a), Ho\vcver, »ft<fr fourdial- 
lt^n^^<s(<1ay frctjuettcy of iKtivjn A-pos](tvc airway 
tpillwMHl cdts wasslgTiificantly <)c<;rcjU!)cd (5 1 /mm bast*- 
mcnt mt^mbruMtf). 'JhU chut^e was still observed tO ^Jays 
after lite final ehalknif^, allhoitjfb the fniquettcy of actMn 
A'-positivr wtU had incr^^'scd sli^^iiily {TO/nim basement 
tnetDbr^ne}. Similar ch^ri^^s werp oh»:rveti wbm follbsta- 
i in-expressing ^Jnwty cpUhelial wlls were annlysciJ. The 
frcqui^ncj- of folHaflttltn-posItive cells WJ« approximately 
ICO/mm busemcnt mefi^r»ne In both control and DVA~ 
cballcn^Sed mlctr bI day L However, after four OVA 
chaJJen^cs the frequeruy of fbllLstaJin-ptisltivc cd)s wits 
sljtjnlficanUy decrmed {A^ltma btesemem membraneK 
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mem mrmlffjfnf tt^pr«iiv<^yj. AcSrfn A- art<i RjBfaiaititt'apedrjf 
tihjTwncqirKwtHxw U and S>) and TAS ^c). Oji^n d«:Jw, joUfir; cJ<Js«J 
dnitr^ OVA &tjTntinx£*lScrt_ rr-fi iTi?ct J)«t j^tip ^iitt rira^'jwtnt 



imd an almnst Icfc-ntlcal fivt^uency WJts obsem^ti 10 dnys 
nUi'r fhv final chitlk^n|<o {\%. 6b}. 'Ilierc \m a sll^?hl drop 
]i( the f Etqucncy of ai'tivln A~ and fbllislalm-jictiilrivtr cclU 
\t\ ^0n\to\ mice brnvct-n rfayif 6 ami 17; IbU chsH^^e waji 
st stiM katty sijJnJ ficant for art iv^n A only. 

Wc p<?rformci} a paralk*! tjuaTiilf^tlvc analysw of mi- 
vm-MWiUi^ ctll fFC<juency. Ooblrf cells atn»)s^ 
wnfMcctable in cotiirol ttikc-al si I lime-points^ -while Owir 
fnttim^ni'y was vciy jili^i(htiy tlrvateil In OVA-tiwiJwj^trf 
mit'v at day I {^/mrn bascmcqJ mttnbran*^) (Wg. Sc). 
HowmT, by *ky B ^hhi cell frrqwncy in OVA^hal- 
icfljlfoj mice Wirt drarafitically rlcvatt'd (54/rnni bttsprtwril 
membntfic), Thb frt4|nt^ncy haii drdppeil mar^tnally by 
day !7 but wasxtUI wtit above ronirol vatuw fit}, 
TliP miR^us-prr)(iuv5n}^ rt^p<jnw; was teinporalty IbkwJttj 
Ini'jTRWil It- 13 produil Um in iJralitlni? IN (Fig. 2cK 
cnnsistrni with the key role for ihis cytokine in rnucus 
prodiicUon tn uikrgk iwlhma t^^* Collci'liv^rly }h«s*.^ 
fuiilln^s rewai an invtrse itliiHonAhlp bttww^n slrwiiy 
rpHhcllal sclivln A/fDiMstatinlornlisJtiithm and met^plHsin 
tof^obtiHcclliE. 

To directly JeM wteberfoinslttUncim Inhibit an itlltrr^n- 
spvt'ifKT 'W\2 rtJ^sponse saline (control) or OVA sensitizer 
miLT RTdvei) rccoTJjblnant mt>u$e folllslaiin bcToiy^ cuch 
of four sail fK* or OVA chitllcn^^ respectively. tixoijennVB 
fotlfc<jtM}in r<5sulH*<i in ;^pproxim»lcly :SO'K> lower activtn A 
mriwn^raflons \n tJAll^ (t,OB=feOX)e 0,68 0,09 ngi 
mL for OVA vs. OVA+ftjUl^^aUn groups, rciKpectlvely. 
P«^0,08). FurlhcrmoriN rxoj^enotsis fnUhlElIn irm^eed de-^ 
crea.wd fvlLN cell numbers {Ptg. 7a)^ and iJecre^ved fre- 
qtst^ricy oftell^ jjrodhicln^ 1U4 ftnd IL-B (Fijj^f 7b and c) 
24 It BDcrllie foud'h cbsllenije, Scm^fjuimtilajhie bltnfle<i 
If fading of the frequency And volume (cell sJfctS of rmirtis- 
proi3itcii]^ »irw«y cells yieldi^l mt^srtivtiore;!* of 3.3fitfcO.JiB 
vs. 2j(>drOJ6 (f'^O.OO* ^nd :5j£)3irO.J6 V?*, l/4d:0J|5 
O.OlKf»rOVA\'?i.OVA+foliis!,aifit tnkc/rcs{ieeiWeIy. 
ArfdHionHtly, qu!triiM»Uv<! Ima^ ajialysfe of all airways in 
thi' hin^t srttlOT^s shtwrd Ihul folltsJatIn tk^reaw<1 I be 
frt'<|uvncy of mucus -praiJta*inU Kinvay opiiHdiat celU 
(Hiij, 7iil|. HowfvtT, louti BAL wssnoplUls were only 
sH^bliy ik'CitHSi'd In the OVA+rollbjIali** groups IrfMa 
not sliown), iiallne Immunbted group^i ba4 ne^^iijiible 
il-4v 11-5 or mucus production* and this was unaffeeled 
by exojScwou* follbtali«, Ovrrttll \h\i^ Utv&ixx^ 
that foUistadn c»n Inhibit the esf Hfallsbroenl of an filler- 
^n-^KifK 11t2 rc<r«|] wa^ta^ In mice 
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Human FoUistatin-Related Protein: A Striictural 
Homologue of FoUistatin with Nuclear Localization 

DREW V. TORTORIELLO, YISRAEL SIDIS, DOUGLAS A. HOLTZMAN, 
WILLIAM E. HOLMES, mu ALAN L, SCHNEYEE 

Reproductive Endocrine Unit and Natioml Center for InfertilUy Research, Massachusetts General 
Hospital (D.V,T., YS., ASJ, Boston, Massachusetts 02144; Microtia, Inc. (D>A,B,l Cambridge, 
Massachusetts 02IS9; and Millennium Phanna-ceuticah {W.E.HJ, Cambridge^ Massachusetts 02144 



FolliKtafcin-relaicd protein is a recently' discovered glycopro- 
tein that is highly bomologous in both primary seqaence and 
exon/intron domain structure to the activin-binding protein* 

folHstatin* We escplored their potential for functional redun- 
dancy by investigating the relative affinities and kinetics of 
their interactions with activin, bone morphogenic protein-6, 
and bone mo>*phogenic protein-7 and by exploring their ex- 
pression and distribution in human tissues and cells. Follista- 
tSn and follistatin-rolated protein mRNA ^ere ubiquitous by 
Northern analyses, although their sites of peak distribution 
diffex-ed, with foHistatin-related protein and foliistatin pre- 
dominating in the placenta and ovary, respectively* Foliista- 
tin-related protein, like follistatin, preferentially bound ac- 
tivin with high affinity and in an essentially irreversible 



fashion. Although foUistatin-related protein, like follistatin, 
possesses a signal sequence and no known nuclear localiza* 
tion signals, its secretion was undetectable in most cell lines 

by RIA. Intriguingly, foilistatin-related protein was identified 
as a nuclear protein in human gi'anulosa cells and all human 
cell lines tested* Furthermore, Western analyses of CHO cells 
transfected with human follistatin-related protein revealed 
this protein to reside within the i^isoluble nuclear protein 
fraction. We conclude that despite its remarkably high level of 
similarity to ibllistatin with regard to structure and activin 
binding kinetics, follistatin*related protein is a nuclear as 
well as a secretory protein that may perform distinct intra- 
cellular actions. {Endocrinology 142: d426-*34»S4, 1^001) 



FOt JiSTATIN (FS) IS a secreted monomenc glycoprotein 
first isolated froiri ovarian follicular fluid on the basis 
of its ability to suppress FSfi secretion by pituitary cells in 
vitro (1 , 2). The mechanism underlying this effect involves the 
prevention of activin signaling. Indeed, the criticai effects 
activin exerts on the ontogeny and physiology of several 
organ systems (3, 4) are at least partially regulated in a 
paracrine /autocrine manner by the coordmate expression of 
FS (5). FS selectively, nearly irrevej^ibty, and with high af- 
finity binds dimeric activin (6, 7), rendering it biologically 
inactive (8) and prone to endocytotic degradation (9). \n 
addition, FS can bind proteoglycans (10) through a heparin 
binding motif, thereby forming a cell surface barrier that 
prevents activin from accessing its receptor (11), 

A domalxi structure for FS has been proposed based upon 
the discovery that its exons encode distinct amino acid se- 
quences that demonstrate a high degree of evolutionary con- 
servation (2). The most salient feature of this structure is a 
series of 3 conseciUive FS domains. Although encoded by 
separate exons, each FS domain is distinguished by an iden- 
tical alignment of 10 cysteine residues* llie SlS-amino add 
splice variant of FS contains an acidic Olerminal domain that 
may impede adherence to cell surfaces by neutralizing the 
basic heparin bindii^g motif present in the first FS domain 
(10). FS also has a hydrophobic signal domain that facilitates 
entry of the nascent protein into ttie endoplasmic reticulum 
and is proteolytically cleaved before secretion of the mature 



Abbreviation?! RMP^. fk>rie Jriot'pl^Oge^ic nmfeiir^; FI.RG, PiS-rplatpri 
gene; F5RP, follistatin-j^dated, protein;' FS. foHistatiii; LGC, luteinized 
granuloma cells^; 5PAJ?.C; secreted protein acidic and Hcb in cysteimrfs. 



peptide. The functional importance of FS/ however^ probably 
resides m its N-terminal domain, which has recently been 
implicated as the site responsible for the majority of FS's 
ability to bind activin, with 2 tryptophan residues at posi- 
tlons 4 and 36 being especially important m this capacity 
(12, 13). 

A novel gene was receiitly cloned from a B cell leukemia 
line and was named FLRC (FS-related gene) based, upon 
primaiy sequence homology to FS (14), Its five exons encode 
a signal domain, anN-terminal domain, two cysteine-richFS 
domains, and a C-tern\inal domain^ yielding an overall mod- 
ular architecture rem.arkably similar to that of FS (Fig. 1), 

FLRG has been detected in the conditioned media of HeLa., 
JAR, and l.OVO cells by Western blotting (14). In addition, 
a mouse l"LRG-gIutathione-S-transferase fusion, protein has 
been showm to bind activin in pull-down assays and to di- 
minish activin -media ted gene transcription, albeit at rela- 
tively high concentrations, in xntro (15). Togethei: these find- 
ings suggest that FLRG, like its structural homologue FS (16, 
17), may serve as a secreted regulator of activjj^-mediated 
cellular processes fimctioning primarily in an autocrine/ 
paracrine mode. FS has been demonstrated to play a key role 
in Xempus embryonic neuralization (18), and functional re- 
dundancy with FLRG could theoretically explain the seem- 
ingly contradictory lack of neurological deficits in the FS 
knockout mouse (19). 

As several extracellular matrix proteins, such as agrin, 
SPARC (secreted protein acidic and rich in c3'^steLnes), and 
testican (20-22), that are not known to bind TGFjS super- 
family Jjgands, have previously been termed products of 
follistatin-related genes based solely upon their pcKssession of 
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hFS315 
hFSRP 



- 2 9 HVRA£^HOPGGLCLLLI/LLC0F^5BD}^S AOA 

- 3 5 MRPGAPGPLWPLPWGALAWAVGFVSS - WGSGNPAPC? 



N^TERMINAL D OMAIN 

hFS31 5 3 GNCWt.1?QRKKIG1?C0VT .YKTRl .SK RKCCSTGRr.ftTsWTF!KDVMDNTI ^FRVHUFNGOAPNCIPCK 

hFSRP 1 gvcWlqc3G0e:atCslvlqtdvtraeCCasgwidtaWsni.thpghkim-i.lgflglvh--Ci.pCk 



63 
52 



HQUUST ATm PQM Ami f^^P^rin binding motif 



ftFS3l5 U ETC]E;m?I)CGPGJSiS£EMNmKERCvCAPDC 

hFSRP 63 DSCDGWECtoPGKACRMLGGR-PRCBCAPDCSGLPARUyvCGSDGATyRDSCEI^ 

hFS315 137 KTCRDVFCPGSSTCVVD0TJJKAYCVTCf3RX-CPEPASSSQ7LCGNDGVTySSACHLRKATCLliGRSlGLAYEGKCx 

hFSRP 13 5 KSCEHWCPRPQSC^^VDQTGSAHCwCRAAPCPVPSSPGQELCGK^l^VTyISSC^^1^lQATCPLGRSIGVRHAGSC^ 



136 
134 



211 
210 



hFS31 5 212 KAJCSCeD: QCTGGKKCLWDPKVCSGRCSlXJrjELCPDSKSOEPVC^SDMATyASEClW 



2S6 



g' T ER WI NA ^- DOMAIN 



hFS315 
hFSRP 



269 SI SEDTECBEEDBDQDYSFPISSDUEW 
211 GTPEEPPGGESAEBEENFV 



315 
229 



I^G, I, Comparison of exon sti-ucture aad aaiEJiio acid sequence for human FSI^ and huinaa FS. Th<3 six exons of FS code for a signal peptide, 
N4ftrminal domain, three FS domains, and a C-terminal domain. FSIU^ has an identical strueture^ except for the absence of one FS domain 
that contains the heparin-binding site. The cleavage site of FSRFs signal peptide is presumed, based lajwri homology to FS. Thus, the overall 
structural and sequence homology suggest that these proteins may scr\^e similar functions. 



one or more FS domains/ we refer to FLRG as FS-reiated 
protein (FSRP}y to emphasize its uniquely high level of ho- 
mology with regard to sequence, structure, and perhaps 
finicdon. 

We explored the hypothesis that FSRP serves a function- 
ally redundant role with PS by first directly comparing their 
affinities and binding kinetics with acfcivin and the cimely 
related TCFjS superfamily members BMI=*-6 and BMP-7, As 
the extent and site of a protein's production, as well as its 
subcellular destination can also be predictive of function, we 
investigated FSRP mRN A. and protein biosynthesis in human 
tissues and cell lines. Our results indicate that FSRP, al- 
though clearly an activin-binding structural homolog of FS, 
has maxima] expression in different tissues from FS, is lo- 
cated in the nucleus of ail cells examined, and is only infre- 
quently secreted. Hiese findings suggest that FSRP may 
serve biological roles distinct from those of FS. 



Materials and Methods 



Materials 



The FSRI^ cDNA was tagged at the C-terminuft witl.^ e3ti\er FLAG or 
hPc a]id was d\en expressed in 29v^ cells. Tagged FSliP was piuificd by 
jmmunoaffinity cliromatography using anti-FLACi M2 affinity gel oj' 
protein A resin, respectively. Eluted fractions were neutralized, pooled, 
and dialyzed against FBS^ pH 7.4. By Coomassie-stained SDS-PAGE 
geii>, the pun ties of tiie proteins were esHmated to be greater than 
The FSRP antibody was raised in rabbits to purliled FSRP~Fc protein. 
High titer bleeds were pooled and piu-ified by protein A affinity chro*^ 

— -fc 1.... V ..fc.j!..; » ..,jt„ n r^r^\ „x.t.-i-.>j r-..-- :.s 

vitro ftrtilixation patients at tlie time of oocyte aspii'ation ujidcr approval 
of the MassachiLsetts Gena'al Hospital institutional review board. Pure 



recombinant human activin, A, BMP-6, and BMF-7 were obtained from 

R&cD Systems (Minneapolis, MN). 

Ligand bmdifig studies 

Bii'iding studies were conducted in %-well micn)titer platt^s tha t wero 
coated with 25 ng FSKP-Fc or FS288 in 1 00 jxl 0. 1 m carbonate buffer (pH 
9,6) and incubated overnight at 25 C on an orbital shaker as previously 
described (4). Unbound protein was removed by washing three times for 
5 min eadi time with 200 fj^X wash buffer (0.01% 1 wtsen in 10 mw PBS 
solution). Blocking solution (200 fd; 3% BSA and 0.01% Tween in ID mM 
PBS) was then added to each welJ, and the trays were incubated at 25 
C for 2 h on an orbital shaker. The wells were rinsed three times with, 
wash buffer, and 1 50 jal assay buffer (0.01 m FBS, 0. 1% gelatin, and 0.05% 
Tween) cantaij'iing approximately 1.00,000 cpm radioJabeled ligand were 
added to each well. Ligands were iodinatod to a specific activity of 
approxijnately 35 jU.Ci//jig using Jactoperoxidase as previously de- 
scribed (23), Noi^specificbindijigwi^s determined by tiie addition of 100- 
to 5()0-fold excess unlabeled ligand to some wells. Tliis radioactivity was 
subtracted from the radioligand only wells to give specific ligand bind- 
ing. To detenni]\e the association rate, the binding reactions were re- 
moved at the indicated times, the wells were washed, and bound ra- 
dioligand was determined in a 7-counter. As sieady state was reached 
by 2 h, the dissociation rate was determined by removing unbound 
radioligand at 3 h, washing the and then adding a 300~fo}d excess 
of unlabeled ligand in 150 /itl assay buffer. At the indicated times, the 
binding reaction was removed, and the wells were washed and then 
counted for bound radioactivity. The equilibrium asvsociation rate con- 
stant (Ka) was determijned from these kinetic experiments using linear- 
ized binding data and least squares regression to detenrdne associatioi\ 
and dissociatioji rates as previously described (23), using tlie formula 
K^, = ki/k.i, where k| is the association rate, and k.t is the dissoci- 
ation rate. 

To estimate their relative direct binding of FS and FSRP, equal 

added ttiPS- or FSRF-coatetl wetls. Nonspecific binding was determined 
In the prefsence of a 100- to 500-fold excess of unlabeled Hgand. and v-'as 
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subtracted from the total to give specific binding, expressed as a per- 
centage of the total counts added. 

Northern analysis 

Y'OT Northern analysis oJ" FSUP expression in celi lines, approxirnately 
20 /j.g total Ri\i A/celi line were denaUned at 70 C in a glyox^l/dimeth- 
yL^ulfoxidebuffer (NorthernM<ix-G]y Vk, Ambkm^lnc, Austin, TX) and 
t^lcctrophoietically separated in a 1% agaroi>e gel at a constant 120 V. 
RNA \va*> tranjiferred to a positively charged nylon men^brane {Bright- 
Stnr-PJus, Ambion, JnCy Austin, TX) using downward transfor for 2 h 
and microwave crosiv-l inked- Tl^e membmne vvas hybridized overnigJit 
to a 472-bp j:<^dioUbekd doubk-stronded DNA human F5K.P probe mi 
approximately 5 X 10*^ cpm/jnl in a roller bottle at 42 C After wasliing 
twice at 42 C, the membrane was exposed to fiJm for 12 h at -80 C, tl-wsi 
stripped by boUing in diethylpyrocarbonate- water containing 0.1% SDS 
for 5 inin and subsequently rehybridb.ed lo double slraiuied DNA 
probes specific for hximat> FS (512 bp) or human /J-aclin (213 bp). 

TliR Norths probes were gen.er;ited us follows. DNA template {100 
n.g) and 5 ftg random, hexamiers were boiled for 3 mhx ict^d, and thtai 
added to a reaction mix con taming 2.5 ^\ 03 mM deoxy {d,)'NTPfe 
(witliaut dCTP), 2.5 ju,l if) x Klenow fragmeni buffer, 5 /x) 3O00 Ci/mmol 
t«-^''''rjdCTP, aj\d 1 ijX Klenow fragJtnent (5 U). After incubating for 3 \\ 
at 25 C, the reaction was stopped by the addition of 1 jxl 05 m EDTA^ 
3 ixl 10 mg/m] tRNA. and 100 ^1 TOS-EDTA buffer. Tlie unbound 
radioactivity was removed by centrifuging the reaction mix tluough a 
Sephadox G-50 column, H\e DNA probes were then denatured by in- 
cubating with 1.5 nil 10 mM EDTA at 90 C for 10 min and mixed with 
500 /x) hybridization sokitbn bef-ore adding them to the membrane for 
o vemi ght h3'b]*idi/.a tion,. 

H^e oligomer used as template for tbe FSRP probe was generated by 
PCK of the cloned human FSRP-coding sequejice. Tlie forward FSRP 
primer spanned, the first intron, and its sequejice was C-GCCCGCTC> 
GTGTTTG. The reverse primer was located within exon 4, and its se- 
quence was GCGCTGCCCGTCTGGTCC, FSRP cDNA was then ampli- 
fied with 35 cycles at 94, 58^ and 72 C and was purified using a PCR 
purification kit (Promega Corp., Madison. WI). The oligomers used for 
the FS and /3-actin probes were generated by performing on human 
granulosa cell cDNA using previously desciibed primer sets (24). 

lo compare the expression of FSRP and FS in bumaji tissues, the DM A 
FSRl* and FS probes were hybridized sequentially to a Hiunan Multiple 
Tissue Expression Airay {CLOMTECH Ijaboratoj'ies, Inc., Palo Alto, 
CA)r which contains poiy (A)* RNA from various bumai>tissueii spotted 
at equal densities, as calibrated by five different hoasekeeping genes. 
Autoradiograms were scaraned using Adobe l^otoShop software (Aba- 
cus Concepts, Inc.^ Berkeley, CA), and the band densities were quanti- 
fied using NIH Image software- 

FSEPRIA 

lodinated pure recombinant human FSI^M'-'LAG was used as a ra- 
dioligand with our polyclonal FSRP antibody. Jn 300 fx\, 25 ng antibody 
in 1:400 normal rabbit serum, 50,000 cpm radioligand, and FSKI-^-FLAG 
standard or luiknown sample were added and incubated overnight at 
22 C. Goat antu'abbit antiserum (1:16 in PBS) and 1.5% (final concen- 
tration) polyethylene glycol were added for 2 h, after which the tubes 
were centi ifuged, aspirated, and counted in a y-counter. Tlie minimum 
detectable dose was approximately 5 ng/ and the intraassay coeffi- 
cient of variation was 6.5%, AH uajnples from a single experiment were 
analysMid in a single assay. 

Immunocytockejnistjy 

Cells grown on coversUps insix-wel) tJ'ays were treated sequentially 
witli 4% paral"ormaldehyde/ 0.1% Tiiton-X, and 02% gelatin solution, 
and then incubated in PBS with polyclonal anti-FSl<I' antibody (2-5 
/.tg/n*^) for 1 h at 22 C Additional co\'erslips containing LGC wore <)lso 
incubated w^ith a specific monoclonal anti-FS antibody (71-^30^ 3 }J^$/irx\) 
to conipare the intracellular distributions of FS and FSRP m the same 
primary ceil t)'pe- The covei^Ups wei^ then placed into FBS containing 

antibody (Santa Cruz Biotechnobg)^, Inc.. Santa Cniz, CA) kyr 1 h at 22 C 
Jn a separate experiment CHO ceKs pern^anently tj-ansfected v»-"ith 



FSm>-FLAG cDNA using Effectene (QIAGEN, Valencia, CA) w^ere an~ 
aly^^ed by imn\unoc}'tocheFnistry with the ajiti-FSRP antibody or 10 
^ig/ml mo)ioclonal anti-FLAG M2 primary antibody (Sigma^ St. Louis, 
MO) and 1:5000 rhodamme-conjugated donkey antimouse IgG {Santa 
Crui:. Biotechnology, Inc.), Coverslip-^ were niounted over a droplet 
of Vectasl^ield (Vector Laboratories, Jnc, Biirhngame/ CA), and in- 
spected and photographed using a Nikon epif!u orescent microscope 
(Melville, NY). 

Western blot of fractionated cell extracts 

Fractions selectively enriched for cytoplasmic proteins, soluble nu- 
clear proteinS/ or insoluble nuclear proteins were extracted from CHO 
ra^-FLAG cells according to previously published methods (25). Five 
micrograms of each fraction from the CHO FSRJ^-FIAG cells and 20 ^Ji^^ 
wild-type CHO whole cell extract underwent reducing (lithium dodecyl 

A 




) J , , 

0 100 zoo 3DQ 400 



Time of Incubation 

B 

25 T 




Foliistatin FSRP 



F[G. 2. Activin binding kinetics of FS and FSKP, A, Association/ 
dissociation kinetics for FS and FSRP, Radiolabeled activin bound to 
both FB and FSRP with a relatively faet association rate. After steady 
state was reached (3 h), excess unlabeled activin was added for m\ 
additional 3 h^ but ahnost no dissociation was observed for either 
protein. The K, for FS was 4.63 x 10'^^^ whereas for FSRP, a constant 
of 1.13 X 10"'^ was obsei-ved, indicating that the afftnity of FS for 
activin is about 2.4-fold greatrer than that for FSRP, B, Direct binding 
assay. Identical amounts of radiolabeled activin, BMP-6, and BMP-7 
were added to wells coated with either FS288 or FSRP. A 100- to 
500-fold excess of cold ligand was added to some weils to determine 
nonspecific bindbig. Both FS and FSRP bound 20-fold more activin 
than and 4a-fGld more activin than BlVfP-S, indicating that 

bofeb FS and FSRP bind activin preferentially over even very closely 
related TGF^ auperfamiJy proteins. 
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sulfate) PAGE h\ a 12% bis-Tris ge] (Nul^\GE System, Novex, San Dk'go, 
CA.) and were then transferred to a polyvinyJidene difltjorid^ mem- 
brane. The. piimary ajitibody wn<> either polyclonal anti-FSRP anti- 
body (2 M-g/ml) or>he monoclonal antj-FLAG M2 antibody {7.5 /ig/nil). 
Hie secondary antibody was either d(jnkey antirnoust? or dojikey anU- 
riibbit amjugated to horeftradish peroxidase {each 1:20.000). 

Results 

FSRP and FS dom-ain strucfuf^e 

The previously described members of the FS domam- 
containing protein family are extra cellular matrix proteins 
that are not known to bind TGFjS superfamily ligands. Unlike 
fch.ese pi'oteins, I'SRP's overall structure is remarkably similar 
to that of PS, including a signal peptide^ an N-terminal do- 
main with conserved cysteine and tryptophan residues, two 
FS domains, and an acidic Oterminal domain (Fig, 1). Align- 
ment of the N-terminal domains of FSRP and FS reveals 32% 
seqttence identity between FS and FSRP, including the six 
conserved cysteines. I'he tryptophans (W) at positions 4 and 
36, which have been shown to be responsible for 95-99% of 
the activin-binding activity of FS (13), are also consejrved in 
FSRP. Their high degree of structural similarity coupled with 
their shared abiUti.es to bind activin suggest that FSRP and 
FS comprise their own separate foliistatin subfamily, 

Activin binding specificity and kinetics 

As shown in Fig, 2 A, specific [^^^IJactivin binding to both. 
FSRP and FS reached 90% of the maximum after 20 min and 



achieved a steady state by 2 h. The addition of a 100-fold 
excess of unlabeled activin. after 3 h revealed similarly slow 
dissociation rates of approximately 5% after 2 h and 10-20% 
by 3 h. As it is possible that some FSRP-activin complexes 
lifted off the plate during the 3-h incubation, the actual dis- 
sociation rate may be even, less than depicted. As Scatchard 
analysis is not applicable to incompletely reversible binding 
reactions, equilibrium constants of dissociation were esti- 
mated by dividing the on rate by the off rate using linearized 
data from Fig. 2A. The Kj for FS was 4.63 X 10^"^, whereas 
for FSRP, a constant of 1,13 x 10~"^ was observed. TluiS, the 
affinity of FS for activin u.nder these assay conditions was 
approximately 2.4-fold greater than that of FSRP. 

Figure 213 depicts the relative direct bindi.ng of equal 
amounts (counts per min) of radiolabeled Hgand to solid 
phase FS or FSRP. Activin binding to both FS and .FSRP was 
more than 20-fold greater than. BMP-7 and 40-fold greater 
than BMP-6, Tliis suggests that both FS and FSRP specifically 
bind activin, as their relitive affinities for even the structur- 
ally similar BMPs were quite low. 

inRNA expression 

FSRP and FS mRNA expression was quantified in a wi.de 
variety of human adult and fetal tissues using a commercial 
array containing normalized amounts of poly(A)'*' RNA. As 
shoT-vn In Fig. 3, both genes were expressed in nearly ail 
tissues, but the sites of maximal expression were largely 




Frcr. 3. Expmssian of FSRP md FS in. human tissues, mRNA expression was analyzed using a multiple tissue array with norm aliped poIy(A) ^ 
RNA spots for a v.4dc variety of hu^^.an adijM and feted tissues. PvCisults ars arraiigsd ftoiv, high to low FSPJ* sxprsssion, vvith pltic^jnta, testes^ 
heart, and pancreas being maximal and lymphoma being minimaL In ccaitrast^ FS expression was maximal in ovary, pituitary^ kidney^ and 
testes, deJTionstrating partial overlap of expression, but larg^ely unique sites of maximal expi*ess:ttn for these tv^'o genes. 



DownJoaded from endo.endojournals,org by on November 3, 2009 



3430 Sudociinology, August 2001, 142(8 1:3426 -3434 



Tortortello Gt al. • FSRP: Nuciear Homologue of FollislatSn 



distmct Testicular expression of both genes was quite high, 
so densitometric analyses were normalized to this tissue. 
Other than in the testis, however, FSRP expression was max- 
imal in. placenta, heart, and pancreas, whereas VS expression 
was maximal in ovary, pituitat^, kidney, and fetal heart and 
liver. This largely nonoverlapping pattern of maximal ex- 
pression suggests that in at least some tissues these two 
proteins do not serve redundant fimctions. 

A separate Northern analysis revealed that mRNA levels 
varied over a wide range In the numerous cell linos tested, 
which included those of (he breast {MCB-V, BT-20), endo- 
metrium (Ishikawa), kidney (HHK-293), and cervix (Heta, 
End-1; Fig. 4). Both FSRP and FS mRNA were also detected 
in primary human IGCs. 

RIA 

We next examined FSRP secretion from these cells by RIA 
analysis of conditioned medium. Figure 5 depicts the RIA 
dilution curve for medium conditioned by HeLa cells, which 
is parallel to the standard curve, suggesting antibody spec- 
ificity. Neither FS288 nor FS315 (1.00 ng) cross-reacted in this 
assay. In addition, preincubation of FSRP with excess human 
activin did not affect FSRP measurements, demonstrating 
that the RIA is capable of detecting both free and bound FSRP 
(data not shown). 

Of all the cell lines we tested, FSRP could be detected by 
RIA in medium conditioned for 3 d by confluent HeLa, ]EG, 
and CHO cells transfected with FSRP-FLAG cDNA, with a 
maximal, level of approximately 70 ng/m.l On the other 
hand, human FSRP was undetectable in medium condi- 
tioned by the human cell lines MCF-7, BT-2a, HEK-293, Ish- 
ikawa, and HepG2. Our antihuman FSRP antibody did not 



detect FSRP in medium conditioned by the nonhuman ceil 
lines CHO and TT. Human follicular fluid aspirated from in 
vitro fertilization patients was also negative for FSRP, as was 
medium conditioned by their LGCs in primary monolayer 
cultuj'e, 

Immunocytochemistry 

As FSRP mRNA was detected in all cells examined to date, 
but secreted protein was detected only in the minority, we 



RIA of HeLa Cell h/ledium 




1 10 100 1<K)0 



ng FSRP or ul medium/tube 

FiQ. 5. Development of FSRP KIAv Pure human recombinant FSRP- 
FLAG ai>d a polycbn.a] unti-FSRP antibody were xised to develop axi 
FSRP 1^ lA. The dilution cun^e for HeLa inediuin is depicted and m 
parallel to the standard curve, indicating that HeLa-conditioned me- 
dium contains authentic FSRP protein. FS288 and FS3i5 were ua- 
detectable in tl^is assay, which has a sensitivity limit of 5 ng/ml. 



100 
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next assessed FSRF protem production using immunocyto- 
chemisby with the same KRP-spedfic antibody as that used 
in tl^e WA. FSRP immunoreacfeivity was del:ected in all cells 
examined- However, rather than showing a cytopiasinic or 
endoplasmic reticular/ Go] gi pa Item commonly observed for 
secreted proteitts such as FS, i.n all cases FSRF immuhore- 
activity was predominantly confined to the nucleus (Fig. 6, 
A~C), Preincuba tion of the anti-PSRP antibody with a lO-foid 
excess of recombiiianfc FSI^^-FLAG completely abrogated an- 
tibody staining (Fig. Indicating that this antibody is 
specific for an epitope on. FSRP, hi primary LGCs, which 
produce both FSand FSR)^ mRNA, FS tmnumoreactivity was 
detected exclusively in the cytoplasm (Fig. 7 A), hi contrast, 
FSRP immunoreactivity was again localisjed to the nucleus 
(Fig, 7B), 

Westerji blotting 

To determine whether the nucleai' localization was due to 
an intrinsic property of the human FSRP-coding sequence as 
well as to further confirm the specificity of our hxunan FSRP 
andbody^ CHO cells were stably transfected with a human 



FSRP-FLAG cDNA construct under control of a cytomega- 
lovirus promoter. Both the anti-FSRP antibody as well as the 
anti-FLAG monoclonal antibody (Fig. &A) detected FSRP- 
FLAG within the nucleus, whereas in untransfected cells, no 
immunoreactivity was delected with either antibody (Fig. 8B), 
To more precisely localize FSRP witiiin the cell, compart- 
mentalized proteins were differentially extracted from CHO 
FSRP-FLAG celk and Western blotted with both anti-FSRl^ 
and anti-FLAG antibodies. A prominent immunoreactive 
band of approximately 34 kDa was detected by both anti- 
FSRP and anti-FLAG antibodies in the lanes containing the 
insoluble nuclear protein fraction (Fig, 8C, lane 2). Untagged 
FSRP has previously been identified as a 32-kDa protein by 
Western analysis (1), which sliifts to its expected of 27.6 
kDa after degiycosylation. Therefore, our 34-kDa imimuio- 
reactive band is appropriate for glycosylated FSRP possess- 
ing a 10-amino acid FLAG tag. Cytoplasmic and soluble 
nuclear protein from CHO FSRP-F[J\G cells (Fig, 8C, lanes 
1 and 3) and a 4'fold excess of whole cell protein extract from 
untransfected CHO cells (lane 4) showed little or no such 
immunoreactivity. 




FiQ, 6. Intracellular distribution of FSPJ* m c«l! lines. fSRP 3in£Ri3Xiorcacti\ity is niiclcnr in L'sbikawa (A), HcLa (5), and 293 cells (C) and 
preijicubatian of the FSRP antibody with a lO-fold excsiss of recombinant hiiinan FSRP-FLAG completely abrc^tes immunoreactivity in 293 
cells CD). 
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ANThFOLLISTATIN ANTI-FSRP 

Fjg. 7. FS and l^SRP in LGC. FS immunoreactivity (A) is localized primarily to the cytoplasm, whereas FSRP (B) is locali«ed almost entirely 
to the nucleus. 



Discussion 

FSKP's siitiilarity to FS is more extensive than t]"iat of all 
other known FS domain-containing proteins. Thus, in addi- 
tion to its two FS domains, FSRP also contains a signal se- 
quence, an N-terminal domain, and a C-terminal domain, 
which, like FS, are each encoded by separate exons. Consis- 
tent with this structural similarity to FS, FSRP has also been 
shown to bind activin and, at least in very high concentra- 
tions, to diminish activin-mediated gene transcription (15). 

As the relati ve affinities of FS and FSRP for activin as well 
FSRF's activin binding kinetics were unknown, we investi- 
gated these parameters in our evaluation of their potential for 
functional redundancy. We found that activin binding to 
both FS and FSRP was rapid and nearly irreversible, but the 
affinity for activin was approxhnately 2.4-fold greater for FS 
than for FSRP, suggesting that FSRP might be slightly less 
potent than FS in binding and neutralizing activin. In addi- 
tion^ the preferenlial ligand for both FS and f^l^^ appears to 
be activin, which, in. a direct binding assay, was able to bind 
both, FS and FSKP with at ieast 20-fold greater magnitude 
than its c) osely related TGFjS family countei*parts, BMP-6 and 
(26). 

Although both FSRP and FS mRNA are located in a wide 
and largely overlapping range of human adult and fetal 
tissues, their sites of peak expression are diffierent, with FSRP 

expression being exceptionally higli in the placenia, testis, 
and cardiovascular tissue, whereas FS was highest m the 
ovary and pituitary. Their relative gene expression was also 
different among fetal tissues and several human cell lines. 
These observations suggest that FSKP and FS are differen- 
tially regulated spatially and temporally. 
B&sed upon identification of an N-terminal signal se- 



quence and no known nuclear iocalizaiion signals, FSRP was 
predicted to be a secretory glycoprotein, analogous to FS, by 
both reORT II (27) and TargetP VI .0 (28). Indeed, FSRP has 
been detected by Western blotting in the conditioned me- 
dium of transfected COS-7 cells as well as certain tumoral cell 
lines (14). However, when we scrutinized several other cell 
lines that produced FSRP mRNA by Northern analysis, se- 
creted FSRP was only detectable from confluent HeLa, ]EG, 
and CHO cells permanently transfected with human FSRP- 
FLAG cDNA. In addition, follicular fluid aspirated from in 
vilro fertilization patients was negative for FSKP, a finding in 
stark contrast to FS, which is present at concentrations 
greater than 200 3"ig/ml in this fluid (29), 

Several possible explanations exist for our failure to detect 
secreted FSRP in cells known to produce its mRNA. It is 
possible that certain cell lines secrete very low amounts of 
FSRP that are below our RI A's 5 ng/ml limit of detection, In 
addition, FSRP may be proteolytically processed after secre- 
tion and thereby escape detection by our polyclonal FSRP 
andbody. Alternatively, human FSRP may only be secreted 
under conditions of exceptionally high expression. This ex- 
planation seems plausible given liiat FSRP was detected in 
medium conditioned by JEG and HeLa cells, which we noted 
to produce among the highest levels of FSRP mRNA by 
Northern analysis. 

To determine whether FSRP protein was being synthe- 
sized in cells that were negative for secretion by our RIA, we 
performed immunocytochemistry. Our analyses clearly in- 
dicate that at least a portion of the synthesized ?SW is 
located within the nucleus or associated with the nuclear 
membrane. This is supported by our finding that FSRP- 
FLAG, as detected with both an anti-FSRP and an anti-FLAG 
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Fig. 8. The FSKP-coding sequence targets FSKP to the iiucletJS. A, Human FSEP-FlAG-trftnsfccted CHO colls stained with anti-FLAG show 
that exogeiiously introduced human FSRP cDNA encodes a protein that targets the nucleus. Identical immunoreactivity was seen with the 
anti-FSRP antibody (not shown). Untransfected CHO cells (B) contain no FLAG-immiuioreaotive proteins. Thej>e cells were also negative for 
antihnman FSRP immnnoj-eactivity (not shown). C, Both polyclonal FSRP and monoclonal FLAG antibodies detect a protein at approximately 
34 kDa, consistent with FLAG-tagged glycosylated human FSKP, in the insoluble nuclear protein fraction (lane 2) of CHO FSKP-FLAG cells. 
Equal amounts of soluble protein (6 /n^lane) from the cytoplasm and nucleus (janes I and 3) of these cells are negative. Untransfected CHO 
whole cell extract (20 /Ag) shows no immunoreactivity to either antihody (kne 4>. 



antibody, is also localized to the nudeus. Western analyses 
of protein extracts from CHO FSRP-FLAG cells corroborate 
the imin,u.nLOcytochemical studies and .further demonstrate 
that FSRP-FLAG is concentrated in the insoluble nuclear 
protein fraction, a fraction enriched for nuclear membrane- 
associated proteins. Importantty, the nuciear localization of 
FSKP-FLAG In transfected CHO cells demonstrates tliat the 
nuclear transport of human FSl^^ is a characteristic intrinsic 
to ite amino acid sequence, which although very similar to PS 
in terms of overall domain structure, shares only approxi- 
mately 40% identity with FS. 

Unfortunately, our anti-FSRP antibody was unable to de- 
tect FSRP, nuclear or otherwise, on slides of fixed liuman 
tissues despite its ability to specifically recognize FSRP in 
immunocytochGiTiistiy, RIA, and Western blotting. We be- 
lieve this is due to antigen masking, a not uncommon con- 
sequence of the fixing and processing of tissue for Immu- 
nohistochemistry. It is worth emphasizmg, however^ that the 
nuciear localization of FSRP was seen prominently in niono- 
layers of human granulosa cells, wliich are primary htunan 
cdls in culture and not an immortalized eel! line. The nuclear 
pattern of FSRP was also demonstrable in cultured nonlu- 
tei-nized granulosa cells (data not shown). As these cells were 



aspirated from early follicular phase a.ntral follicles, they 
were never exposed to supraphysiologlcal concentrations of 
gonadoti^oplns in vivo and are therefore even further repre- 
sentative of normal human tissue. 

Although it is possible that the nuclear localization of FSKP 
in cell lines is secondarily induced by in vitro culture con- 
ditions, we believe this to be improbable, as this was a uni~ 
versal finding in the cell lines screened, including both se- 
cretors andnonsecretors of FSi^. Moreover, we were able to 
detect nuclear FSRP in human granulosa cells that were in 
culture for only 48 h. Nonetheless, the finding that a proteiii 
so structurally similar to the secretory glycoprotein FS is 
targeted to the nucleus under any conditions is an, intriguing 
discovery, suggesting a novel intracellular function and 
transport mechanism. 

At this point, the precise pattern and regulation of FSRP's 
intracellular trafficking pattern are unknown. Although 
other proteins have been observed to h^anslocate from tihe 
endoplasmic reticukun to the cytoplasm, this process usually 
involves removal of incorrectly folded proteins (30), or re- 
sults from alternate splicing and pmcessing of the signal 
peptide (31). However, one possible explanation for our ob- 
seiTations is that transport of FSRP out of the endoplasmic 
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reticulum and into the nucleus requires binding of a chap- 
erone whose concentration is limited. Thus, when FSRP is 
overexpressed, the chaperone becomes saturated, and excess 
FSRP gets secreted. Ajtematively, as a functional nuclear 
localization signal has recently been Identified in the activin 
^^^-subunit precursor (32), it is possible that FSRP may bind 
activin A en route to thenucleiis. In fact, both ^y^~subunitand 
an immunoreactive follistatin-like protein have been sepa- 
rately observed in the nuclei of rat spermatogenic cells usuig 
immunocytochemical approaches (32, 33). 

In conclusion, despite their high degree of structural ho- 
mology and mutual affinity for activiiv additional evidence 
suggests that FSRP may not be functionally redundant toFS- 
Despite significant overlap, their sites of maximal mRNA 
expression are distinct in human tissues, and although FSRP 
clearly has a signal sequence and the capacity to be secreted, 
the majority of cell lines we tested secreted no delectable 
FSRP. FSRP was imiversaliy detectable, however, as a nu- 
clear protein by immunocytochemislry and Western blot- 
ting. These intriguing findings suggest that FSRP may have 
unique intracellular functions distinct h-om ibose of FS. 
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Multiple defects angi perinaial 
deatii in mice 
deficient in foiiistatin 
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FoMJSTAiTN, an actiTin-binding protdKi and acttvin antagonist in 
vhro^^, can bind to heparan sulphate proteoglycans^ and may func" 
tion in vivo to present activins to thdr receptors. In the mowe, 
foBistatin messenger RNA is lirst detected in tlie deciduiOT (on 
embryonic day 5*^, artd later in the developing hindbrain, somites, 
vibiissae, teeth, epidermis and muscle*"". In Xenopas laevis^ over- 
expression of folKstatin leads to induction of neural tisstie*^ Here 
we use loss-of-fimcHoo mutant mice to investigate the fanction of 
follistatin in mammals. We find that foUlstadn-deficient mice are 
retarded in tJieir growth, have decreased mass of the diaphragm 
and intercostal mascles, shiny taut skin, skeletal defers of the 
hard palate and the thirteenth pair of ribs, their whisker and tooth 
development is abnormal^ they fall to breathe, and die within hours 
of birth* These defects are more widespread than those seen in 
acdvin-deSdent mutant mice* indicating that foJUstatin may mod* 
ulate the actions of sev^l members of the transformuig growth 
factor-p family. 

To define the roles of follistatin in mammalian development, 
a targeted deletion {fs"^^) of the 6-exon foIHstatin gene was gener- 
ated using embryonic stem (ES) eel! technology (Fig. la), and 
mice heterozygous for this deletion (/v'^V"^) were mtercrossed 
to generate mice homozygous for the deleted follistatin allele 
(/rV/j?'^'). Genotyping of mice at birth and at embryonic day 
18.5 (E18.5) revealed that ff'/jr' mice (foiJistatin-deficient) 
coaid survive to birth but died within hours of delivery (Fig. 
\b). Of 196 pups at E1S,5, 44 vi^ere homozygotes (22,4%), 97 
were heterozygote (49.5%) and 55 were wild-type (28,1%), con- 
sistent with the expected mcndclian frequency of 1:2:1. Low- 



FIG. 1 Targeted deletion of the fofl^tfn gene in ES cells and Southern > 
blot analysis of DNA from offspring d^tved from heterozygous matings. 
3, The targeting vector contains 3.8 kb of isogenic DMA homologous to 
the 5' non-translated sequence of the mouse foMfetatm gene, 3,4 kb of 
sequence homologous to the 3' end of the mouse foJlistatin gene, a 
P6K,-ftprt (where PGK rej^esents phosphogiycerate kinase I promoter) 
expression cassette, and an MCl-tk (ai^idine kinase) expression cas- 
sette. Homologous recombination between this targeting vector and the 
endogenous follfstatin gene in mouse ES cells should result in a 5.1- 
kb deletion of the 6 exons coding for follistatin^ ensuring that no foHista- 
tin mRNA and therefore no follistatin protein was produced in animals 
homoaygous for the targeted allele. Introduction of new diagnostic 
restriction endonuctease sites (8g/l1 and Xbal) were used to differentiate 
wild-type versus recombinant alleles. Six ES cell clones out of 1,290 
clones {1:215) screened by Southern blot analysis^^-^^ were correctly 
targeted. One ES cell done, FS3-C2, gave rise to multiple male chlma- 
eras and germline transmission of the deleted allele was demonstrated 
for 3 of 4 chimaeno males. Male and female mice hetero^gous for the 
deleted folJistatln allele occurred at the expected ratio and were viable 
and fertile, b, Genomic (taii) ON A (-5 ^g) from offspring from a single 
litter was restricted with Xbal and EcoRt and analysed by Southern btot 
analysls^^ using a 3' probe as shown. The presence of a fragment 
versus a a7-kb wild-type fragment is diagnostic of the deletion when 
using the 3' probe. Homozygote offspring are dead within hours of birth. 
WT, wild type; heterozygote; homozygote mutant, c, Sou- 
thern blots of wHd^type (V/T) and fs'^'/fs"'' mice, chicken and 
Xenopus faevts genomic DNA (5 \\g per lane) digested with BamHI were 
analysed using a human follistatin cDNA. The absence of any iiybridiz- 
able fragment bands in the lane genotyped as homozygote con> 
firmed that these mice lack the 6 exons coding for the follistatin gene, 
that this is a null aWele {fe"^), and that there were no follistaUn*related 
genes in the mouse, 

METHODS. More than 20 kb of DMA encompassing the 6-exon mouse 
follistatin gene sequences was isolated from a 129SvEv genomic library 
using a follistatin cDNA, Linearized vector (25 pg^ was electroporated 
into the /iprt-negative AS2.1 ES cell line, selected In HAT and FIAU 
(where HAT represents hypoxanthine, aminopterin, thymidine, and FIAU 
iS (l-{2'"deoxy-2'-fluord-/?-o^araWnofuranosyt)-5-lodouracH), and clones 
were Injects into blastocysts to generate chtmaeras^\ Enrichment In 
HAT and FIAU was 32-fold compared to HAT alone- Southern blot ana- 
lysis of the ES cell ctones was as descrlbed^^'^^\ Low-string^noy hytwld- 
izatlon of Uie mouse, chicken and Xenopus laevis blot was by overni^t 
hybridization at ©0 **C followed by 4 washes for 30' each at 50 ^C with 
a 2 X SSC, 1% SDS soiuUon. 



stringency hybridization with a follistatin complementary DNA 
could detect genomic fragments in wild-type mouse, chicken ar^d 
Xenopus laevis but not in the fs'^^/fi""^ mice, confirming that 
we had deleted the only follistatin gene present in the mouse 
(Fig. ic). 

fs/^^/fs""^ newborns could be phenotypically scored because 
they were growth-retarded and had shiny> taut skin similar to 
that seen in the human condition of restrictive dermopathy*^ 
(Fig. 2a}. The phenotypic effects of follistatin defidency were 
independent of the genetic background (that is, the phenotype 
was similar on l29SvEv inbred, C57/129 hybrid and C57BI/6 
(3 backcrosses) genetic backgrounds). At birth, most /^V/v'^' 
mice remained pale and cyanotic, the lungs of the /^''V/^'"' ^ri^ce 
sank in liquid and, on histological examination, the alveolar 
spaces were poorly expanded, consistent with poor breathing, 
although primary pulmonary defects could not be detected (data 
not shown). Analysis of the central and peripheral nervous sys- 
tem by gross dissection and histologlcai procedures did not 
detect any significant abnormalities. Iimnunohistochemistry of 
E10.5 whole-mount embryos using an antibody raised against 
the 155K neurofilara.ent protein''' indicated that cranial nerves 
V, Vli, IX and X and the spinal ganglia were developing nor- 
mally (data not shown). 

i^eiecis were aeiecieu m tuc muSuutus^^crciAi &jratcju.^j /j^y 
mice lacked incisors (6 of 34, hybrid background ; Fig, 2b) or 
had delayed incisor development (Table 1). Three of 19 (16%) 
hybrid background //"V/f"'' "T-icc had a cleft secondary palate. 
Six out of 1 1 I29SvEv inbred mice (55%) and 6 out of 28 C57/ 
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FIG. 2 Morphofoglcal and histological analysis of folltsla- 
tin and control mfce. a, Control (left) and fe^'Vfs'^' (right) 
newborn mice. The fe'^'/fe'"' mouse on the right was 
smaller, hypoxic (pa(e), ar\d had shiny, taiit^in compared 
to the controU Weighing of pups at Ei8.5 revealed that 
homozygotes (1,04 ± 0.10 g; n»-30) were --12% lighter 
than their heterozygote (1.18d.0,10g; n-52) and wild- 
type (1.17 ± 0.13 g; n = IS) llttermates. t). Medial view of 
wlld«type (top) and fs""/fe"'' (bottom) dissected mandibles 
stained wHh alizarin red and alcian b\ue as descrlbed^^. 
The alveolar ridge (A), the region of the mandible that 
surrounds the lower molars, is tess prominent and the 
incisor (f) Is missing in the mutant, c and d, Coronal sec- 
tions of the head were made at the tevei of the eye of 
wlld'type (c) and fs'^'/fs*^' (d) mice and the sections 
stained with alcian blue and neutral red. There is a cieft 
palate (CP) in the f-s^'/fs""' mouse (d). The oral cavity Is 
contiguous with the nasal sinus (NS) in d. The arrow points 
to the normal palate in C- e and t Si<e1etal analysis (a^iza* 
m red stain) of the thirteenth pair of ribs from control (e) 
and f5'"Vf5"" mutant ( f) mice. The thirteenth pair of ribs 
Is either absent or limited m Its formation (arrows, 0 oom> 
pared to the same pair In the control (arrows, e). Thoracic 
vertebral bodies are numbered for orientation, g and h, 
Analysis of the Intercostal (arrows) and pectoralis major 
musculature from wild^ype (g) and fs'^^/fs"'^ (/?) mice taken 
at the same levei (between ribs 3 and 4). Note that the 
muscle fibres from the mutant are more sparse and less 



^iTol A ccmpsrablc situation is 



the diaphragm (data not shown). 
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129 hybrid genetic backgrcund mice (21%) lacked a hard palate 
similar to activin-pA-dcficient mke'^ (see below; Fig. 2c, d). 
Both inbred and hybrid ff^'/fs'"'^ mice had defects in the thir- 
teenth pair of ribs and a decrease in the number of lumbar 
vertebrae (Fig. 2e^ /; Table 1). The size of the ribs and penet- 
rance of this phenotype was dependent on the genetic back- 
ground (Table 1). The intercostal (Fig. 2g, h) and diaphragmatic 
(data not shown) muscles showed a decrease in muscle mass 
consistent with expression of foUistatin in the muscle at birth*''. 
Histological and electron microscope analysis of the muscula- 
ture, including analysis of ATPase activity, glycogen content and 
mitochondria, failed to demonstrate any primary defect (data 
not shown). Thus, it is not clear whether the decrease in muscle 
mass in the/5''"'//^'"' mice is primary or secondary to an overall 
growth deficiency. 

Whisker development was abnonnal: the whiskers were too 
thin and were inappropriately oriented, suggesting that foUista- 
tin may be an important modulator of activin-(3A action 
(Fig. 3a-d; see accompanying Letter). The skin showed hyper- 
keratosis/ as indicated by thickened granular and stratum 
corneu^n layers (Fig. 3e, /). Eiectron microscope examination 
revealed a 25% increase in the stratum comeum cells compared 
to controls- The shiny, taut skin of/rV/y"' mice (Fig. 2a) rescnv 
bles the skin of transgenic mice with directed ovcrcxpression of 
transforming growth factor (TGF)-pl to the epidermis using a 
human ketatin^I promoter (HKl.TGF^pl)'^. K.eratin-6 expres^ 
sion was abnonnal in the interfollicular epidermis of the fs"' / 
fs""' mice, as it was in HKLTGF-pi mice (Fig. 3ft). Normaliy 



keratin-6 is found only in the outer rool sheath of hair follicles 
(Fig. 3g). Although abnormal keratia-6 expression is often asso- 
ciated with hyperproliferatjon", the fs^'^/fi"'^ mice showed nor- 
maJ epidermal mitotic activity as judged by 5-bromo- 
deoxyuridine labelling. These results, together with those 
obtained for the growth-arrested epidermis of H.KLTGF-pl 
mice^*^, suggest that kcratin-6 expression can occur in response to 
a variety of stimuli that perturb normal epidermal development. 

In conclusion,/^^//*'^^ mice have defects in the musculoskele- 
tal system and in the epidermis, and this constriction effect prob- 
ably contributes to their rapid demise. Foilistatin is expressed in 
the rhombomercs in the mid-gestational mouse*, and can cause 
differentiation of neural cell lines'**; overexprcssion m Xenopus 
laevis suggests that foilistatin may be essentia! for neural 
induction^". Our results show that the abstjnce of foilistatin in 
the mouse in vivo does not apparently affect the gross develop- 
ment of the nervous system. Interestingly, thc/^'^V/^"'' ^^^^ ^^"i" 
onstrate abnormal whisker and tooth development and hard- 
palate defects similar to activin-pA-dcficient mice'-. In the vibris- 
sae, teeth and palate, where foilistatin is expressed adjacent to 
aclivin-pA*', foilistatin appears to play a role in activin signal 
transduction, possibly sequestering activins in heparan sulphate 
proteoglycans^ and presenting activin to activin receptors similar 
to type in TGF-P receptors'''. The folUstatin-deficicnt mice also 
have other defects not seen in activin-dejfident mice''\ Some of 
these defects are similar to those of the BMP-5 {short ear) mut- 
ant mice, which have defects in the thirteenth pair of ribs^^, and 
the TGF-P overexpres&ors^ which have shiny, taut skin'*. These 



FIO. 3 a and d. Gross analysis of the whisker 
pads and face of control (a) and /s'^^'/fe'^' {b) 
newborn mice demonstrating the disoriented 
whiskers and shirty skin of the mutant {b\ c 
and d. Histological analysis (haematoxyiin and 
eosin stain of transverse sectbns) of the 
whisker follicles of conljDl {c) and fe'^'/rs'"' (c^) 
newborn mice. The whisker shafts (arrow) are 
perpendicular to the surface in the control (c). 
In the mutant (d), the shaft (arrow) projects 
parallel before turning perpendicularly, e and f, 
HistDbgy of the skin of control (e) and f^^V^'"* 
(f) newborn mice photographed at the same 
magnification. Note the thickened granular 
(between large white arrows, lelt) and stratum 
comeum (between small white arrows, right) 
layes in the mutant ( 0 compared to the control 
(e). g and h, Double-label immunofluorescence 
of the skin from the back of EiS.5 control {gi 
and fe^'Vfe'"' (h) mice. The antibody raised 
against keratin 14 (red) wilt stain both Interfoh 
licular epidermis and hair foflicfe, whereas the 
antibody against keratin © (yellow/grean) will 
normally stain only the outer root sheath 
(arrow) of th& hair folllola {g). Irl the mutant 
{h), abnormal keratin 6 exjHresston seen in the 
interfolHcutar epidermis (E). Single-label ^nvr^u- 
nofiuorescence of the mutant skin did not 
fBveal any abnormality in keratin 14 expression 
(data not shown}, 

METHODS, Histological analysis of the muscle 
and skeleton, and double-label Immunofluo- 
rascence of the sWn were performed as 
described'^'^^''^ 
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TABLE 1 


Skeletal, palate and tooth defects 










imact 


13th pair of ribs 
Anlsge Zero ribs 


Five 
Jumbar 
vertebrae* 


Cteft 


Pa(ate defects 

Hard palate 


Lower incrsors 
Absent Detayed 


C57/129 hybrid 

Heterozygote 
Homozygotet 


15 
29 
3 


0 
6 

17 


0 
0 
8 


2/15 
21/35 
28/28 


0 
0 
3/19 


0 
0 

O/ -to 


0 
0 
6/34 


0 
0 

23/34 


129 Inbred 

Wfld-type 

Heterozygote 
Homozygote 


9 

11 
0 


0 
4 
9 


0 
0 
2 


0/9 
13/15 
11/11 




0 
0 
6/11 


0 
0 
0/11 


0 
0 

11/11 



* Six (umbar vertebrae are the norrc^aS complement in the mouse. 

t In 4/28 homozygoles, one or both of the seventh ribs failed io fuse to the sternum. 



similarities suggest that foHistatin may be a modulator of other 
TGF-p-rclated proteins or may function independently. Thus, 
the results- obtained by overexpression of follistatin in Xenopus 
laevis^^ may be a consequence of up or downregulation of the 
actions of several TGF-p-reJated proteins. It will be critical to 
compare mice deficient in other TGF-}} superfamily members to 
our foHistatin-dcficient mice in order to establish the extent to 
which follistatin is involved in signal transduction of other TGF- 
j)~related proteins. □ 
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autoproteolytic cleavage 
active in local and 
long-range signalling 
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The secreted protein products of the hedsehog (hk) gene family 
are associated with local and long-range signalling sicli\^cs that 
are responsible for developmental patterning in v^^^^^ systems, 
including Drosopkila embryonic and larval tissues^"* and verte- 
brate neural tube, limbs and somites^^^ In a process that is critical 
for full biological activity, the hedgehog protein (Hh) undergoes 
autoproteolysis to generate two biochemically distinct products^ 
an 18K amino-termin^ fragment, N, and a 25K carboxy'-terminai 
fragment, C (ref, 16); mutations that block autoproteoJysis impair 
Hh function. We have identified the site of antoproteolytic cleavage 
and fliHi that it is broadly conserved throughout the hedgehog 
family. Knowing the site of cleavage, we were able to test the 
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flattction of the N and C cleavage products in DrosopMla assays* 
We show here that the N product is the active spedes in both local 
and long-range signaUlng. Consistent w!th this» all twelve mapped 
hedgehog mutations either affected the stricture of the N product 

directly or otherwise blocked the release of N from the Hh pre- 
cursor as a result of deletion or alteration of sequences in the C 
domain. 

To characterize the signalling molecules produced from the 
uncieaved Hh precursor we determined the site of auto- 
proteolysis and the structures of the cleaved products using a 
purified Hh protein from a bacterial source. This purified pro- 
tein, HiSfiC, contains primarily carboxy-terminal sequences and 
can generate a 25K: cleavage product corresponding to the native 
C cleavage product produced in Drosophila cells {Fig. \a). In 
reactions lasting 3 h and using a wide range of concentrations 
of starting material, this protein displayed kinetics that were 
independent of concentration, strongly suggesting that the cleav- 
age was intnunolecular (Fig. \b). 

Amino-terminal sequencing of the 25K cleavage prodiict 
showed that Hh is cut between Gly257 and Cys258 (Fig. k). 
Sequence alignment v^ith other insect and vertebrate hh proteins 
demonstrates the absolute conservation of the Gly-Cys-Phe 
sequence at the site of aiiioprotcolysis {Fig. \d ). To test for.the 
presence of a cysteine residue at the amino terminus of C frag- 
ments derived from Drosophila {hh), zebraflsh {iwhh and shh) 
(S.C.E,^ miinuscripL submitted) arsu utouse {mh) gciicS, ^^S-cySt- 
eine was incorporated during in vitro translation (Fig, \e). 
Figure 1/ shows that the first round of protein sequencing in 
each case released the proportion of total incorporated ^^S corre- 
sponding to a single cysteine residue, establishing that cysteine 
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FSTL3 deletion reveals roles for TGF-/8 family ligands 
in glucose and fat homeostasis in adults 

edited by Patricia Donahoe, Massachusetts General Hospftal. Boston. MA. and approved November 27, 2006 (received for revrew September 11, 2006) 



Activin and myostatin are related members of the TGF~/3 growth 
factor superfamily. F5TL3 {Fonistatin-like 3) is an actjvin and myo- 
statin antagonist whose physiologkaf role in adults remains to be 
determmed. We found that homozygous FSTL3 knodtout adults 
developed a distinct group of metabolic phenotypes, including 
increased pancreatic islet number and srate, p cell hyperplasia, 
decreased visceral fat mass, improved glucose tolerance, and 
enhanced msulln sensitJvKy, changes ^at might benefit obese, 
insulin-resistant patients. The mice also developed hepatic steato- 
sis and mild hypertensfon but exhibited no alteration of muscle or 
body weight This combination of phenotypes appears to arise 
from increased activin and myostatin bioactlvity in specif k tissues 
resultrng from the absence of the FSTL3 antagonist Thus, the 
enlarged Islets and ^ cell number likely result from increased 
activin action. Reduced visceral fat Is consistent with a roJe for 
Increased myostatin action in regulating fat deposition, which, in 
turn, may be partly responsible for the enhanced glucose tolerance 
and insulin sensitivity. Our results demonstrate that FSTL3 regu- 
lation of activin and myostatin Is critical for normal adult metabolic 
homeostasis, suggesting that pharmacological manipulation of 
FSTL3 activity might simultaneously reduce visceral adiposity, 
increase cell mass, and improve insulin sensitivity. 

activin | diabetes | metabolism | myostatin j jS ceil 

Members of the TGF-jS superfamily of growth factors piay 
diverse roles in embryonic development as well as In organ 
homeostasis and injury/pathogen re.sponse in adults (i), Activin 
and myostatin form one structurally related branch of the TGF-i3 
family that utilizes common cell-surface recepiors and Smad 
second messengers (2-^4). Activin is a critical regulator of 
embryonic cell fate determination and organ development as 
wei] as adult organ homeostasis (5). Activin deletion in mice 
results in developmental defects and early neonatal death (6), 
whereas activin overexpression results in cancer, cachexia, and 
liver necrosis (3, 7, 8). Loss of myostatin expression results in 
increased mnscle mass and reduced adiposity whereas 
overexpression of myostatin leads to a severe' reduction of both, 
muscle and adipose tissue mass, along with cachexia (12, 13), 
These findings demonstrate the requirement for tight regulation 
of activin and myostatin activity to maintain normal adult 
physiology. 

Regulation of activin and myostatin activity occurs at multiple 
levels. Among the extracellular regulators, FSTL3 (foUistatia 
like-3) and FST (foliistaUn) are structurally and fxinctionally 
related glycoproteins that bind and antagonize actions of both 
acUvtn md myostaUn (14, 15). FSTL3 expression is highest in 
placenta, followed l^y testis, pancreas, and heart, vi^hereas FST 
expression is high in ovary, testis, and kidney, suggesting that 
they may have nonoverlapping actions in different ojgans (16). 
Circulating FST was largely bound to activin (17), whereas 
F$TL3 was isolated from human and mouse serum as a complex 
with myostatin (18), indicating that FSTL3 and FST may be 
important physiological regulators of circulating myostatin and 
activin. 



One experimental approach to examine the importance of 
regulating activin and myostatin action is to inactivate their 
physiological antagonists, Deletion of Fst resulted in a number 
of developmental defects and early neonatal death, confirming 
the importance of FST in mammalian development (19), alt , 
though the early neonatal death precluded determination of the 
physiological roles of FvST in juveniles and adults. Recently, FST 
was deleted specifically in adult ovaries which resulted in pre- 
mature cessation of ovarian activity (20), confirming that FST 
indeed has important roles in postpuberal gonadal function in 
adults. 

To determine the pliysiological actions of FSTL3, we gener- 
ated FstlS^nuil mice. In contrast to B^-null mice, FA'^/Jniefident 
animals survive to adulthood and develop a suite of metabolic 
phenotypes that collectively suggest that FSTU and the activin 
and myostatm Hgands it regulates have important metabolic 
roles in the adult that were heretofore underappreciated. 

Results 

Generation of FSTL3 Knockout (KO) Mice, We generated mice 
heterozygous for an Fstl3 allele missing exon 1 [see supporting 
information (SI) Fig. 6 A and that, when mated, produced 
homozygote F^f/5^-^Ai«/tmiAL.c (pgyjr^j j^Qj in expected 
Mendelian ratios that survived to adulthood, allowing analysis of 
the effect of global FSTL3 deletion in adult mice. Although 
FSTL3 mRNA was detectable in WT heart, testis, white fat, and 
muscle, it was undetectable in KO mice (SI Fig. 6 C and D) 
verifying that FSTI3 was no longer expressed. 

No Change in Body Weight or Muscle Composition in FSTL3 KO Mice, 

Because myostatin overexpression results in reduced muscle and fat 
mass (13) and FSTL3 deletion should increase myostatin bioactlvity 
due to its identification as a circulating myostatin binding protein 
(18), we analyzed age-related changes in body weight in FSTL3 KO 
mice. The distribution of age-specific body weights in 1- to 4''month- 
old mice was not different between genotypes (Fig. L4), nor were 
the mean body weights of 6- to 12-month^oid mice (Fig. W\ 
Moreover, there was no detectable difference between FSTL3 KO 
and WT mice in gastrocnemius and quadriceps muscle weight (Fig. 
IC) or histological appearance (see SI Fig. 7 A and B), and analysis 
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Fjg. 1. <5rowth rate and body weights of FSTLS KO and WT mice, (A) 
Distribution of age versus body weight of WT and FSTI3 KO male mice is 
shown fori" to 4-month-old animals, (fi) Mean body weights of male (average 
age, 9 months; n ~ 20 wr and 34 KO) and female {average age, 11 months; r)=^ 
1 1 Wrand27 KO) WTand KOmice, (0 Weights of dissected quadriceps (Quad) 
and gastrocnemius (Gastroc) muscles expressed ^ a ratto to body weight (n - 
25 WTand 58 KO), 



of muscle fiber area distribution of five WT and five KO animals 

revealed no signllicant differences (see SI Fig. 7C). These results 
indicate that loss of FSTL3 did not produce a detectable decrease 
in body weight, muscle mass, or fiber area, as might be expected if 
myostatin bioactivity were elevated with the loss of a circulating 
antagonist. 

Increased Pancreatic Islet Siate in FSTL3 KO Animals. Previous studies 

have suggested that activin regulates pancreatic ^ cell prolifer- 
ation, islet size, and glucose-stimulated insulin secretion (21-23). 

Because FSTL3 is highly expressed in the pancreas {16), we 
examined the effect of FSTL3 deletion on pancreatic islets. 
Representative pancreas sections at low magnification from WT 
and FSTL3 KO mice immunocytochemically stained for insulin 
(Fig. 2 A and B, respectively) detnonstrate that FSTL3 KO islets 
are substantially larger than those from WT littermates. At 
higher magnification, the presence of more intra-islet capillaries 
can be discerned in FSTL3 KO islets (Fig. 2D) compared with 
WT islets (Fig. 2C). Immunofluorescence analysis demonstrated 
that these larger FSTL3 KO islets contained more insulin 
expressing /3 cells (Fig, 2F) compared with WT islets (Fig- 2E). 
In addition, although a cells were readily identified at the 
periphery of WT islets (Fig. 2E, white arrows), very few were 
found in the periphery of KO islets, whereas the majority of 
green staining resulted from nonspecific fluorescence from red 
blood cells within KO islets (Fig. 2F). Morphometric analysis of 
36 WT and 99 KO islets revealed that mean islet si^ was nearly 
50% larger in FSTL3 KO mice (Fig. 2G), but p cell size was not 
different (Fig, 2W)» indicating that larger islets resulted from J3 
cell hyperplasia. Moreover, FSTL3 KO mice had a broader 
distribution of islet sizes, with the islet size group containing the 
most islets being smaller than that for WT islets. In addition, 
FSTL3 KO islets contained a distinct population much larger 
than any observed in WT mice (Fig. 2/). This distribution 
increased the number of islets observed per section (Fig. 2/ 
Inset). Taken together, these analyses suggest that existing islets 
grew larger because of p cell hyperplasia in FSTL3 KO mice 
although there was also a likely increase in islet neogenesis, all 
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Fig. 2, Increased pancreattc islet size in FSTL3 KO mke. {A and &) Low- 
power photomicrographs of WT (A) and FSTL3 KO (S) pancreas immuno* 
cytochemicaHy stained for insutin, (C and £>) H&E staining of the same WT 
(0 and KO (D) tissues. Blaclt arrowheads show numerous capillaries within 
the KO Islet, (£^and f) Immunofluorescence photographs showing insulin 
(red) and glucagon (green) localization in islets from WT (£) and KO (0 
mice. In the KO islets, the majority of green staining is nonspecific staining 
of red blood cells within the islet, shown by open arrowheads. Glucagon 
producing a cells in both WTand KO islets are shown by solid arrowheads. 
(Magnifications: A and B, x5; C-f, x40.) (Scale bar?, A and B, 200 /xm; C-F, 
50 f^m.) ((5"~0 Histomorphometric analyses of pancreatic islets. Average islet 
SiZQ m (n = 36 WT and 99 KO) and ^1 ceil sl^e (f/) (n = 119 WT and 94 KO) 
in pancreas from WT and KO animaJs (n ~ G WT and 8 KO) (values shown 
in squared micrometers). (/) Size dlstributiori of pancreatic islets in WT and 
KO animals; percent of total number of Islets counted Is plotted against 
islet size. (M^et) The mean number of islets seen per section of WT and KO 
animals. Both islets per section and average islet size is signitontly in- 
creased iP < 0.05) in KO pancreas. All error bars are SEM. 
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Fig, 3, Enhanced glucose metaboHsm in F5TL3 KO mice. (4) Glucose levels in 
tail blood of random-fed WT and KO mice are not different {n-UWX and 
30 KO). (fi) Serum I nsul in levels in these same mice are sign ifica ntly greatc r (P < 
0,05) in KO animals compared with WT littermates, <0 Glucose tolerance test 
showing mean glucose levels of five animals per group after i.p. injection of 
2g/kg glucose attimeO. *,P<0.05. (D) Insulin tolerance test showing glucose 
levels as a ratio to untreated glucose concentration (at time -15 min). Insulin 
(1 untt/kg) was injected I.p. at time 0. Ghico&e levels were signific^tntty lower 
In FSTL3 KO mice from 30-1 20 min. **, P < 0.01 . A total of 24 WT and KO mice 
were examined in these studies. All error bars are 5^M. 



of which may be due to increased activin bioactivity resulting 
from loss of FSTL3. 

Altered Glucose Homeostasis in FSTL3 KO Animab. We next exam- 
ined whether the larger and more numerous islets altered 
giucose homeostasis in FSTL3 KO mice. In 9-nionth-old, 
random-fed animals, there was no significant difference in serum 
glucose levels between FSTL3 KG mice and WT littermates (Fig. 
3A), However, insulin, concentrations were significantly (F < 
0.05) elevated in these same mice (Fig. 3B), suggesting that they 
might be insulin-resistant. To examine the dynamic response to 
glucose and insulin, we performed glucose and insaiin tolerance 
tests. FSTL3 deletion significantly enhanced both ghicose tol- 
erance (Fig. 3C; P < 0,05) and insulin sensitivity (Fig. 3D; P < 
0,01) in FSTU KO mice relative to WT Httermates, indicating 
that the islets in FSTL3 KO mice were not enlarged secondary 
to insulin resistance. These alterations in glucose and insulin 
homeostasis, along with the enlarged islets and increased p cell 
mass in FSTU KO mice, are consistent with F$TL3 regulation 
of activin bioactivity being critical for normal control of glucose 
metabolism in the adult. 

Alterations in Liver Function tn FSTL3 KO Mice. Because the liver is 
a major regulator of glucose metabolism (24) and activin may 
play a role in liver homeostasis (25, 26), we next determined 
whether FSTL3 deletion altered hepatic structure and function. 
Hepatic steatosis was detectable at 5 months of age in FSTL3 KO 
animals but not in WT littermates (data not shown) and in- 
creased in severity by 9 months (Fig, Oil Red O staining 
confirmed extensive macrovesicular and microvesicular steatosis 
in FSTL3 KO mice (Fig. 4F) that was absent in WT littermates 
(Fig. 4F). However, there were no significant differences be- 



tween FSTL3 KO and WT littermates in circulating free fetty 
acid or triglyceride concentrations (see SI Table 1). Moreover, 
there was no evidence of hepatic necrosis or fibrosis. In addition, 
serum concentrations of amino aspartate and amino alanine 
transferase enzymes, indicators of hepatocyte distress (27), were 
not different between the genotypes (see SI Table 1). These data 
indicate that overall liver function was not compromised in 
FSTL3 KO mice. 

To further address the liver's role in the altered glucose 
dynamics in FST13 KO mice, we examined liver glycogen stores 
and found that glycogen content was substantially reduced in 
FSTL3 KO livers (Fig. AH) compared with WT littermates (Fig. 
4Gy In addition, quantitative PGR analyses revealed that ex- 
pression of key gluconeogenic enzymes phosphoenolpyruvate 
carboxykinase (FEPCK) and glucose"6-phosphatase (G6Pase) 
was elevated by 6- and 4,5-fold, respectively, in F$TL3 KO livers 
compared with WT littermates (Fig. 4!), indicating that glu- 
coneogenesis was elevated in FSTL3 KO mice. We next evalu- , 
ated whether activin or myostatin could directly regulate PEPCK 
or G6Fase mRNA expression by using HepG2 hepatoma cells. 
Activin treatment significantly increased G6Pas6 expression 
1.3-fold (P < 0.05), whereas myostatin treatment suppressed 
G6Fase expression >50% (P < 0.01) (Fig. 4/), indicating that 
activin can directly enhance G6Fase mRNA expression. Tlins, 
up-regulated gluconeogenesis in FSTL3 KO mice may be par- 
tially due to direct actions of activin on hepatocyte gene expres- 
sion as well as a homeostatic response to prevent hypoglycemia 
due to mild, chronic hypermsulincmia arising from the enlarged 
islets. 

Alterations In Fat Deposition in FSTL3 KO Mice. Because myostatin 
overexpression also reduced fat mass (13), we examined adipose 
tissues in FSTL3 KO animals. Both male and female FSTL3 KO 
mice had significantly smaller abdominal visceral fat depots 
compared with WT littermates (Fig. 5 A and By respectively). 
However, the fraction of body weight estimated to be composed 
of fat was not different between genotypes (Fig. 5C). Histolog- 
ical (see SI Fig. 8.^ and^) and histomorphometric (see SI Fig. 
SC) analyses demonstrated that the adipocyte size distribution in 
FSTL3 KO mice was not different from that in WT littermates, 
suggesting that the reduced fat pad weights were due to fewer 
adipocytes in FSTL3 KO mice. Despite the reduced abdominal 
fat pad mass in FSTL3 KO animals, serum concentrations of 
leptin and adtponectin, two adipokines that typically reflect fat 
mass, were not significantly altered (see SI Table 1). Taken 
together, these results suggest that fat storage is preferentially 
shifted from viscera! to sx. depots and/or other organs in FSTL3 
KO mice. Because previous studies have demonstrated that 
myostatin administration at low, subpharmacologica! levels re- 
duced only visceral fat mass (13) and not muscle mass, it is likely 
that increased myostatin bioactivity resulting from deletion of 
FSTL3 resulted in altered visceral fat deposition, 

F5TL3 KO Animals Are Hypertensrve. Because FSTL3 is highly 
expressed in heart tissue (16), we examined weight and function 
of hearts in 9-month-old female FSTL3 KO mice. We found that 
heart weight relative to body weight, left ventricular end systolic 
pressure, and systohc arterial pressure were all significantly 
increased compared with WT littermates (see SI Fig, 9 A-C). 
These observations demonstrate that mice lacking FSTL3 have 
altered cardiac structure and function that results in hyperten- 
sion by 9 months of age. 

DtscussSoii 

The activity of TGF-/3 superfamily growth factors is regulated at 
multiple levels. Regulators such as FSTL3 and FST constitute a 
subfamily of follistatin domain proteins that bind and neutralize 
TGF-/3 family ligands, including activin and myostatin (14), The 
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Fig. 4. Uvrer phenotypes of F5TD KO mice, (A-D) H&E staining of liwrs from WT (4 and Q and KO (5 and D) animals. {E and 0 Frozen sections of livr^r stained 
with Oil Rsd 0 from WT (£) and KO (f) animals at 9.5 months. [G and H) liver sections stained with Periodic acid^Schiff 's stain showing vastly reduced glycogen 
content in FSTL3 KO mice {Hi compared with WT littermates (G). (Magnifications: A and a xlO; C-H x40,) (Scale bars, A and fi 100 /.m; C-H 50 ^m.) (0 
Gluconeoaenic genes PEPOC and G6Pase are significantly {P < 0.05) elevated in F5TL3 KO mice relative to WT mice by 6- and ^,5-fold, respectively, as analyzed 
by quantimive KR, U) Activin (S ng/ml) signmcantly {P < 0.01) stimulated G6Pase gene expression relative to untreated Hepe2 liver hepatoma cells, whereas 
myostadn (25 ng/mt) suppressed GSPase under the same conditions {P < 0.05). 



critical importance of this reguialion is emphasized by the 
previously described defects and early neonatal death resulting 
fvom Fst deletion (19). We now report that, in contrast toFj/-nuli 
mice, Fstl3-\iu\l Diice survive to adulthood and are fertile, 
permitting investigation of the role of a natural activin and 
myostatin antagonist in adults. By 9 months of age, these mice 
developed a number of metabolic phenoiypes, including in- 
creased pancreatic j3 cell mass and islet number, reduced visceral 
fat mass, elevated postprandial insulin concentrations, reduced 
hepatic glycogen, up-reguiated gluconeogenesis, hepatic steato- 
sis, and hypertension. These phenotypes were not secondary to 
peripheral insulin resistance because FSTL3 KO mice were more 
glucose-toierant and insulin-sensitive than WT littermates. 
These findings demonstrate that FSTL3 has important roles in 
adult physiology, the abrogation of which results in altered 
glucose and lipid homeo.stasis. Because FSTL3 is an activin and 
myostatin antagonist (14), these phenotypes further imply that 
activin and/or myostatin have critical roles in regulating metab- 
olism that were previously unappreciated. 

FSTL3 KOmice have enlarged and more !3umerous pancreatic 
islets that pritnarily contain i3 cells, suggesting that FSTL3 
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Fig. 5. Fat depot mass is reduced in FSTL3 KO m ice. (A ar>d B) Red uced viscera I 
abdominal fat pad mass in FSTL3 KO males {A) (n - 25 WT a nd 55 KQ; P < 0.005) 
and females (B)(n =^ 19 WT and 42 KO; P < 0.05). (0 Percent body fat of WT 
and FSTL3 KO mice, as measured by dual emission x-ray ahsorptlometfy (n = 
6 WT and 7 KG). All error bars are SEM, 



influences islet size through altering /3 cell proliferation, sur- 
vival, and/or differentiation. Activin mRNA, protein, and re- 
ceptors have been detected previously in jS cells (28, 29), and 
activin treatment increased ^ cell proliferation (23) and glucose- 
stimulated Insulin secretion in rat and human Met cultures (21, 
30). Moreover, transgenic mice expressing a dominant-negative 
activin receptor in islets had reduced cell mass (31). In light of 
these findings, our observations suggest that FSTL3 deficiency 
resulted in augmented activin bioactivity within islets that in- 
duced increased ^ cell mass, islet size, and islet number in vivo. 
Moreover, enhanced glucose-stimulated insulin production re- 
sulting from this increased activin action in jS cells could be at 
least partially responsible for the elevated postprandial insulin 
concentrations observed in FSTL3 KO mice. 

The number and size of islets and the ^ ceils they contain can 
vary in response to changing metabolic demands (32). Potential 
sources for these new^ islets and P cells inchide jS cell proliferation 
(33) and/or recruitment from progenitor/stem cells (34). Activin 
has been reported to accelerate proliferation of ^ cells (23) bat 
also to promote differentiation of ductal cells (35), suggesting 
that loss of FSTU and the consequent increase in activin activity 
leads to increased jS ceil proliferation and recruitment that 
together result in the larger jS ceil mass and the biphasic 
distribution of islet size we observed in FSTL3 KO mice. 

Because pharmacological overexpression of myostatin in 
adults decreased muscle mass, visceral fat deposition, and de- 
velopment of cachexia (13) and because circulating myostatin 
was found compiexed with FSTL3 (18), we hypothesized that 
FSTU KO mice would develop decreased total body weight and 
muscle mass with age. However, we were unable to detect any 
difference in growth patterns, muscle mass, or muscle fiber size 
between the genotypes. Importantly, it has been shown that 
administration of smaller (e.g., 1 jxg) doses of myostatin resulted 
in nearly 50% reduction of visceral fat mass with no changes in 
body weight, muscle weight, or muscle diameter (13), suggesting 
that visceral adipose is more sensitive to myostatin action than 
muscle mass in adults. Because the total body fat of FSTL3 KO 
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mice was not significantly different from WT littermates bat 
visceral fat was significantly reduced, increased rayostatin bio- 
activity resulting from FSTL3 deletion may redirect lipid dep- 
osition from visceral fat pads to sx. fat depots or to other tissues 
that are not myostatin -responsive. Thus, the reduced visceral fat 
mass observed in FSTL3 KO mice may be a primary action of 
excess myostatin bioactivity resulting from loss of its antagonist. 
Because accumulation of visceral fat is associated with glucose 
intolerance and insulin resistance (36), this myostatin-dependent 
reduction of visceral fat in FSTL3 KO mice may be responsible, 
at least in part, for the enhanced glucose tolerance and insulin 
sensitivity in I^TL3 KO mice. It is also possible that the 
improved glucose tolerance derives to some extent from direct 
actions of myostatin and/or activlu on adipocytes (or muscle) to 
increase insulin-stimulated glucose uptake. 

We propose that the phcnotype of the FSTL3 KO mouse 
derives from loss of FSTL3 regulation of activin and myostatin 
in multiple tissues. One possibility is that mild, chronic hyper- 
insuUnemia resulting from the increased jS cell mass promotes 
glucose uptake by muscle, fat^ and other tissues, which could be 
potentiated acutely by an actlvin-mediated increase in glucose- 
stimulated insulin secretion (21). To avoid hypoglycemia, FSTL3 
KO mice would have a chronic need for generating glucose, 
thereby accounting for the vastly up-regulated gluconeogenic 
gene expression and decreased glycogen content observed in 
FSTL3 KO livers. Hov^-ever, because insulin normally suppresses 
gluconeogenesis through down-regulation of gluconeogenic en- 
zyme expression (37), the enhanced gluconeogenesis might 
indicate that FSTI^3 KO hepatocytes are mildly resistant to 
insulin. Alternatively, because we found that activin stimulated 
G6Pase mRNA expression in HepG2 hepatoma cells, the ele- 
vated gluconeogenic enzyme mRNA expression in FSTL3 livers 
could derive, at least in part, from, the direct action of activin on 
hcpatocytes, which exceeds the inhibition from insulin. Finally, 
the reduction in visceral fat mass in FSTL3 KO jnicc may lead 
to enhanced insulin sensitivity given that reductions in visceral 
fat mass are associated with improved insulin sensitivity (36). 

Our results demonstrate that FSTIJ deletion, along with the 
presumed tissue-selective increase in activin and myostatin 
activity, has significant actions in regulating glucose homeostasis 
and lipid distribution. Pharmacologic interventions to promote 
human characteristics that resemble those in the FSTL3 KO 
mouse, including reduced visceral adiposity, enhanced insulin 
sensitivity, and augmentation of endogenous insulin production 
and j3 cell mass and function, could be potentially beneficial for 
the treatment of metabolic disorders, such as obesity, metabolic 
syndrome, and diabetes. Because the phenotyiDes were caused by 
deletion of a circulating binding protein, our results further 
suggest that development of FSTL3 antagonists or activin and/or 
myostatin agonists could present viable approaches for devel- 
oping therapeutic agents to treat human metabolic disease. 

Materials and Methods 

Generation of Fst/5-Deletion Mouse, The Btl3 gene targeting vector 
was prepared by introducing a loxp sequence downstream of exon 
1 at a BsphI site, and a f loxed neomycin resistance gene (Neo) was 
inserted at an Xbal site 1.6 kb upstream of BsphI, thus flanking a 
1.6-kb region of the Fstl3 gene surrounding exon 1 by two loxP 
sequences. Jl ES cells were transfected, selected for correct FstI3 
gene targeting, and microinjected into C57BI76 mice blastocysts. 
Chimeric male mice were bred with C57BL/6 females, and their 
agouti pups were genotyped. Animals carrying the FsfIS targeted 
allele were then bred with transgenic EIIa-Q-e mice. FstlS-g^m- 
largeted and Cre-positive animals were bred with WT animals to 
segregate the various recombin.ant alleles. Offspring were geno- 
typed to identify Neo excision in animals that had undergone cither 
partial recombination to produce a conditional FstB allele or a 
complete recombination to produce mFstB exon 1 deletion allele. 



These latter heterozygous animals were bred to obtain homozygous 
FSlTJ-nuli mice (/iisr^J^wiAisc/cmiAiscj^ ^11 animal studies complied 
with US Department of Agriculture guidelines under an animal-use 
protocol approved by the Massachusetis General Hospital Sub- 
committee on Research Animal Care. 

DNA Analyses for Genotyping. DNA prepared from BS eel is or tail 
biopsies were analyzed for genotyping either by Southern blot 
analysis, after appropriate restriction enzyme digestion, or by 
PGR as previously described in rci 38 (see SI Methods for 
details). 

RNA Analyses; Worthern Blot and RT-PCR, Total RNA was extracted 
from tissues with TRIzoI (Invitrogen, Carlsbad, CA). FSTL3 
mRNA. expression was assessed by Northern blot analysis with 10 
/Ltg of total RNA and a radiolabeled ftilWength mouse FSTL3 
cDNA probe. Alternativeiy, 1 /xg of total RNA was reverse- 
transcribed and used in quantitative PGR by using SYBK green 
incorporation with reagents from Stratagene (La Jolla, CA) on 
a Stratagene MX4000. A cDNA standard was run in each PGR 
for each target, and message concentrations were normalized to 
mouse ribosomal protein L19. 

KepG2 Hepatoma Cell Culture and Analysis. HepG2 cells cultured in 
RPMI medium containing 10% FCS and antibiotics for 24-48 h 
were treated with fresh medium containing either 5 ng/ml activin 
or 25 n^m\ myostatin (R&D Systems, Minneapolis, MN) for an 
additional 16 h. Cells were then extracted with TRlzol (Invitro- 
gen, Carlsbad, CA) and analyzed for mRNA expression level by 
quantitative PGR. 

Serum Hormone Measurements. Serum hormone measurements 
were conducted by specific RIA, BLISA, or biochemical assay in 
the Reproductive Endocrine Unit Assay Core and the Boston 
Area Diabetes Endocrinology Research Center RIA Core Lab- 
oratory at Massachusetts General Hospital. 

Histology and Histomorphometry. Tissues were isolated from mice 
at different ages and fbced in 4% paraformaldehyde overnight. 
The tissues were then processed for paraffin embedding. Mul- 
tiple 6-/jtm-thick microtome sections from each tissue were 
stained with H&E and photographed. For measurement of islet 
size in pancreas, 20 consecutive S'/jjn sections were H&E- 
stained and photographed. For each pancreas, all islets in two 
sections at least 80 ju.m apart were counted, and their area 
measured with SPOT image analyses software. For white adi- 
pocyte size measurement, all adipocytes in each field were 
counted, and the area was measured with image! software- 
Muscle fiber size was similarly quantitated by using three x40 
fields. 

Immunofliiorestence and Immunohtstocbemistry. Immunofluores- 
cence was performed as previously described in ref. 38 (see SI 

Methods for details)- The primary antibodies used were either a 
guinea pig anti-insulin (Linco Research, St, Charles, MO) or a 
mouse anti-glucagon antibody (Sigma, St. Louis, MO). The 
secondary antibodies used were anti-mouse-FITC or an anti- 
guinea pig-TRITC (Jackson Immunoresearch Laboratories, 
West Grove, PA). For immunohistochemicai detection, the 
sections were processed with a Vectastain Elite ABC kit (Vector 
Laboratories, Burlingame, CA) and 33'"diaminobenzidine (ICN 
Biomedicals, Solon, OH) and counterstained. For pancreatic J3 
cell size estimation, 3,3'-diaminobenzidine-stained areas devel- 
oped after immunochemical detection of insulin were measured 
with SPOT software and divided by the number of blue-stained 
nuclei counted- 
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Oil Red 0 Staimng. Freshly dissected liver and muscle were fixed 
overnight in 4% paraformaldehyde, cryoprotectcd in 30% su- 
crose in FBS for another day, and then frozen m OCT blocks. 

Cryostat sections 10 (xm thick were processed for Oil Red O 
staining as described irt ref. 39 in a 03% solution of Oil Red O 
in 60% isopropanol for I h. After being washed, sections were 
counterstained with Gills hematoxylin. 

Determination of Total Body Fat Body fat content of FSTL3 KO 
and WT mice was measured by dual emission x-ray absorptiom- 
etry with a PIXlmu52 Mouse Densitometer (GE Medical Sys- 
tems, Madison, WI). 

Glucose and Insulin Tolerance Tests. For glucose tolerance tests, 

animals fasted overnight and then were weighed, and their 
fasting blood glucose levels were measured by using a glucom- 
eter (OneTouch Ultra; Ufescan^ Milpitas, CA), Mice were 
injected i.p. with glucose (2gof D~glucoseperkgof bodyweight)^ 
and blood glucose levels vi^ere assessed 15, 30^ 60, and 120 min 
after injeciion. Insulin tolerance tests were performed similarly, 
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except that aaijiiuils fasted Ibr 2-3 h and then were injected i.p. 
with human regular insulin at a concentration of 1 unit of insulin 
per kg of body weight (Eli Lilly, Indianapolis, IN). 

Hemodynamic Analyses. Mice were anestheti^:ed with 100 mg/kg 
ketamine, 250 fMg/lcg fentanyl, and 2 mg/kg pancuronium, intu- 
bated, and mechanically ventilated (10 jbd per g of body weight, 
120 bpm, Fi02 ^ 1). A ventricular catheter (PE40; Miller 
Instnunents, Houston, TX) was placed for continuous monitor- 
ing of the heait rate and blood pressure. 
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Foitistatln (FST) and FST4ike-3 (FSTL3) are activin-bmding 
and neutralization proteins that also bind myostatin. Three 
FST isoforms have been described that differ iti tissue distri- 
bution and cell-surface binding activity, suggesting that the 
FST isoforms and FSTL3 may have some nonoverlapping bi- 
ological actions* We produced recombinant FST isoforms and 
FSTL3 and compared their biochemical and biological prop- 
erties. Aetivin-binding amnities and kinetics were compara- 
ble between the isoforms and FSTL3, whereas celi-surface 
binding dil^ered markedly (FST288 > FST303 > FST315 > 
FSTLa)* Inhibition of endogenous activin bioactivity, wh ether 
the FST isoforms were administered endogenously or exog- 
enously, correlated closely with surface binding activity, 
whereas neutralization of exogenous activin when FST and 
FSTLS were also exogenous was consistent with their equiv- 
alent aetivin-bindua^ affinities. This difference in activin in- 



hibition was also evident in an in vitro bioassay because 
FST288 suppressed, whereas FST315 enhanced, activin-de- 
pendent rr ceil proliferation. Moreover, when FSTL3, which 
does not associate with cell membranes, was expressed as a 
membrane-anchored protein, its endogenous activin inhibi- 
tory activity was dramatically increased* In competitive bind- 
ing assays, myostatin was more potent than bone morphoge- 
netic proteins (BMFs) 6 and 7, and BMPs 2 and 4 were inactive 
in binding to FST isoforms, whereas none of the BMPs tested 
competed with activin for binding to FSTL3* Neutralization of 
exogenous BMP or myostatin bioactivity correlated with the 
relative abilities of the isoforms to bind cell-surface proteo- 
glycans. These results indicate that the differential biological 
actions among the FST isoforms and FSTLS are primarily 
dependent on their relative cell-surface binding ability and 
li^and specificity. iMndocHnology 147: 3686-S597» 2006) 



FOLLISTATIN (FST) IS AN extracellular regulatory pro- 
tein for activin and related TGF^ superfamily raembers 
that acts via high-affinity, nearly irreversible binding to pre- 
vent activin from accessing its receptor (reviewed iii Refs, 1 
and 2). Although originally isolated from gonadal fluids and 
thought to act as an. endocrine regulator of pituitary FSH 
release, the subsequent identification of FST mRNA and pro- 
tein in numerous adult and embryonic tissues as well as the 
colocalization of FST with activin A in many tissues supports 
the currently held view that FST acts largely in an autocrine/ 
paracrine manner (reviewed In Ref. 3). 

FST has a number of putative physiological roles, includ- 
ing regulating pituitary FSH production (4), ovarian follicle 
maturation (5), spermatogenesis (6), liver homeostasis (7), 
wouiid repair (8), and response to inflammatory stimuli (9). 
Moreover, disruption of the mouse fst gene resulted in de- 
velopmental abnormalities including loss of hair, weakened 
musculature, XX sex reversal, and early neonatal death, dem- 
onstrating that FST is required for normal mammalian de- 
velopment (10, U). However, the identification of precise 
activities and mechanisms of action for FST in both embryos 
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and adults has been hampered by the fact that multiple 
isoforms of FST are produced from the f ST gene, each with 
potentially distinct activities. The primary FST transcript 
midergoes alternative splicing to produce mRNAs that code 
for two FST proteins, termed FST288 and FST315 (12). The 
FST315 isoform contains all six exons^ whereas tlie FST288 
splice variant is missing exon 6, wliich codes for the acidic 
C-termtnai tail. A third isoform, FST303, appears to arise 
from proteolytic cleavage of the FST315 C-terminal tail be- 
tween residues 300 and 303 (13). All three isoforms contain 
a region of basic residues known as the heparin-binding 
sequence (HBS), which is essential for binding to cell-surface 
heparin-sulfated proteoglycans However, it has 

been proposed that the acidic tail in FST315 interacts with the 
basic residues within the HBS, thereby suppressing the cell- 
surface binding activity of FST315. FST303, with its short- 
ened tail, has cell-surface binding activity intermediate be- 
tv^^een FST315 and FST288 (13). These biochemical 
distinctions suggest that each isoform maybe responsible for 
different subsets of biological activities depending on their 
degree of cell-surface localization and subsequent compart- 
mentalization within the body, a concept supported by the 
finding that FST315 is the predominant circulahng FST iso- 
form in human serum (18), whereas ovarian follicular fluid 
contains primarily FST303 (14). Nevertheless, differential bi- 
ological activit)'' as well as the underlying mechanisms 
among tlie FST isoforms remain to be fully elucidated, 
FST"like-3 (FSTL3), also known as FST^related gene 
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(FLRG) (19) and FST-related protein (FSRP) (20), shares sub- 
stantial structural and functional homology with FST (21), 
including inhibition of activin bioactivity in vivo (22). Im- 
portantly, FSTL3 does not have an HBS, cannot bind to cell- 
surface proteoglycans (23), and is a weak antagonist of en- 
dogenous (autocrine) activin despite being only slightly less 
potent in neutralizing exogenous (endocrine/paracrine) ac- 
tivin (23). These distinctions between FSTL3 and FST support 
the concept that the presence of a functional HBS and re- 
sultant cell-surface binding is a critical biochemical deter- 
minant for endogenous activin inhibition. 

In addition to activin, FST and FSTL3 bind other members 
of the TGF/3 superfamily, including myostatin (24, 25) and 
some bone morphogenetic proteins (BMPs) (26, 27). FSTL3 
was recently identified as the circulating binding protein for 
myostatin. in mice and humans (24), suggesting that FST13 
may have an important role in regulating muscle develop- 
ment and/or adult muscle mass- These stxidies Indicate tliat 
both FST and FSTI3 likely play important roles in regulating 
the physiological and homeostatic activities of activin and 
related TGFjS superfamily ligands and that the physiological 
significance of these regulatory interactions, as well as quan- 
titative differences in specificity among the binding proteins, 
remains to be determined sj^tematically. 

Given the different biochemical properties and compart- 
mentalization of the FST isoforms and FSTL3, we hypothe- 
sized that these proteins will also have distinct mechanisms 
of action and ligand selectivity that will ultimately determine 
their range of physiological actions in vivo. To explore mo- 
lecular mechanisms responsible for this differential bioac- 
tivity, we produced recombinant FST isoforms and investi- 
gated their differential biochemical and biological activities 
compat^d with FSTL3. Our results indicate that the biolog- 
ical activities of the FST isoforms and FSTL3 are determined 
primarily by their differential cell-surface binding and ligand 
specificity and further support the concept that FST isoforms 
may have distinct physiological roles in vivo. 

Materials and Methods 

Eeageixts 

Kecomblnant human iHcHvin A, BMP2, and BMP4 were purchased 
from R&D Systems (Minneapolis, MN), Myostafin was purchased from 
CeH Signaling (Canton, MA), whereas BNfP6 and -7 (OPl) were a gift 
from Cr^tive Bioraoleciiles (Cambridge, MA). 

Preparation of recombinant tagged FST and FSTL3 
proteins 

Human F5T288, FST315; andFSTL3 (the latter a gift froin MiJleraium 
Pharmaceulicals, Cambridge, MA) codmg sequences were subclmed 
into pCDN A3.1Myo-His (lhvilrog(2n, Carlsbad CA). The PST30a expies- 
Bim construct was prepared horn flie FST315 cDNA by deleting all 
sequence 3' to codoii 303 up to the start of the Myc-His tag usii^g 
standard FCR methods. The resulting C-terminal Myc-His-tagged 
cDNA constructs were transfected into HEK-293-F ceil suspension cul- 
tures in Freestyle serum-free medium (Invitrogen) as descnbed (28). 
Recombinant proteins were purified by mckei-Sepbarose affinity chro- 
matography (QIAGBN, Valencia, CA) and concentrated by centrihigal 
dialysis into DuJbecco's FBS. 

Quantitation of secreted proteins 

PST concentrations in media and concenh^ated afBnity-purified elu- 
ates were established by Iwo independent iinjn^.mologicaI assays: 1) a 
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two-site solid-phase immunocbeinilyininescent assay (29) and 2) a so- 
lution-phase assay directed toward the C-terminal Myc tag (28). The 
concentrations obtained, by tlie two methods were usually in good agree- 
ment for aE FST preparations. FSTL3 preparations were quantified by 
the Myc i^. Concentration and purity of affinity-purified proteins were 
verified by SOS-PAGB and silver staining (Bio-Rad Laboratories, Her- 
cules, CA) or Western blot as described below. 



Western blot analysis 

Proteins were separated on 1.2% Tris-HQ Ready-Gel system (Bio- 
Rad), transferred to polyvinylidene difluodde membrane (Bio-Rad), 
blocked in 10% nonfat dry mUk, and probed with anti-Myc (1 /ig/ml, 
clone 4A6; Upstate Biotechnology, Lake Placid, and goat antiinouse 
horseradish peroxidase-conjugated (1:7500 dilution; Santa Cruz Biotech- 
nology, Santa Cruz, CA) antibodies. Immunoreacti vity was visuajijted 
usiiig Western Lighiniiig chemiiuminescence reagent (PerkinElmer, 
Boston, MA). 



lodinatlon 

Human activin A was iodinated by the lactoperoxidase method and 
purified by electn>phoresis as described previously (30). 

Binding to cell-surface heparan-sulfate proteoglycans 

COS cells were cuUiixed in DMEM supplemented with 10% FBS 
(Invitrogen) and plated into 24-well platens and cultured to confluence. 
FST isoforms or FSTL3 was added at 50 ng/ml for 1 h at 25 C in fresh 
medixim containing 0.1% BSA, washed, and replaced witii medium 
containing 75,000 cpm [^^^IJactivin A alone or together with 10 ^g/ml 
heparan sulfate {Sigma aaemical Co., St, Louis, MO), which displaces 
FST^activin complexes. After 1 h incubation at 25 C, cells were rinsed, 
harvested, and counted to detect FST-bound activin. 



Activin-binding kinetics 

Binding kinetics of PST isoforms to radiolabeled acHvin was deter- 
mined by solid binding assay as described (31) using 25 ng/ well of each 
isoform passively adsorbed to microtiter plates. After blocking the wells 
witl\ 3% BSA/0.01% Tween in 10 mhi PBS, 75,000 cpm, radiolabeled 
activin was added. To determine the association rate, the binding re- 
actions were terminated at the indicated times, the weUs were washed, 
and bound radioligand was ccnmCed in a 7-counter. For dissociation 
measurements, the binding reactions were allowed to continue to steady 
state (3 h), after which unbound radioligand was removc*d and 100-fold 
excess of unlabeled ligand was added. At the indicated tinges, tlie wells 
were washed and counted as before. Maximum binding in. a typical 
experiment reached IO-^IS^/p of total counts. Observed ^ociatjon rate 
constants (K,,^) and dissociaUon rate conslai^ts were calculated by 
fitting an exponential association equation and exponential decay 
model respectively, using Pnsm.4 (GraphPad Software Inc., San Diego^ 
CA). Binding kinetics was assayed in at least three independent exper- 
iments for each isoform. 



FST and FSTLB specificity assays 

KIone<][uilibrium competitive binding assays were used to determii-ie 
isoform specificity as described (31). Microliter plates were prepared 
with PST isoforms or FSTL3 as described above. Unlabeled activin A or 
heterologous competitors at doses indicated in the figures were indi- 
vidually mixed with 75,000 cpm. [^^^I]activin A in 150 fil assay buffer for 
1 h. This nonequilibrium assay format was used to compensate for the 
heavily favored and nearly i.rreversible activin-binding kinetics (31) that 
would have displaced competitors if the assay had been allowed to reach 
steady state (>2 h). At the end of the 1-h incubation, the wells were 
washed and counted. Tn a typical experiment, about 10-15% of the 
added total counts were bound in the absence of unlabeled competitor. 
Resulting inhibition curves were analya:ed using the four-parameter 
logistic model. Each ligand was assayed in at least three independent 
experiments. 
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Cell ciiUure and reporter assays 

The capacity of FST isoforms and FSTL3 to inhibit bioaclivity of 
acdvin and related TGFfJ faaiily ligands was determined by reporter 
assays in humai^ HepG2 cells (for activin A and BMPs), and human 
embryonic kidxiey (MEK) 293 cells (for activi.n A and myostatiji), because 
myostatin respoatses were relatively weak jji HepG2 cells. HepG2 cells 
were maintained in MEM supplemented with Barle's salts, nonessential 
ai-nino acids, sodium pyruvate, and 10% fetal bovine serum. (F8S) (Life 
Technologies, Inc., Rockville, MD). Cells were cultured in 24-weU trays 
and trarjsiendy transfected with the smadl,/5-respcmsive reporter BRE- 
Luc (32) for BMP activity or the smad2/3-responsive reporter CAG A-lnc 
(33) for activin A activity, along with pRUK (Promega Corp,, Madifjon, 
WI) and the indicated doses of FST isoform cDNAs (for expermients 
exaiTUJfiing bioaclivLty of endogenous FST or FSTL3) or empty vector, 
using Upofectamine 2000 (Irtvitrogen). To examine the effect of isoforms 
on endogenous activin, 1 ng pINHjSA cDN A construct (kindly provided, 
by Genentech Inc., San Francisco, CA) was included in the transfection 
mix. After 20 h, 0.2 nM activin A (for experiments on exogenous activin) 
was added, or was premixed <60 niiit at 25 C) with increasing amounts 
of purified FST isoforms or FSTLS (for exogeiious FS17FSTU experi- 
m,ent&). After 1 6 h of b:eatment, the cells were washed, lysed with Passive 
lysis btiffer (Promega) and assayed for hiciferase activit}'' using the dual 
luciferase reporter assay kit (Promega)- Inter weJl variations in transfec- 
tion efficiency were corrected by normalizing to Renslla luciferase ac- 
tivity. For each ligand, experiments were repeated at least three times, 
and the mean and sji of representative experiments are reported. 

HBK 293 ceUs were maintained i n K^W 1640 medium conlahiing 10% 
FBS (Life Technologies). Transient transfections and reporter assays 
were perfonned as described above except for using Bffectene as the 
transfection reagent (QIAGEN) ai\d incKided the CAGA4uc reporter 
and pRL-TK cont3:ol cDNA, as well as FST or FSTL3 expression con- 
structs and plNH/3A cDNA for endogenous FST/FSTL3 or activin ex^ 
perlments, respectively. 

To examine the effect of cell-surface association on FSTL3 abili.ty to 
block endogenous activin, FSTU coding sequence without Uie signal 
peptide was cloned in frame with the transmembrai^e domain of pDis- 
play (Promega) and tested in CAG A4uc reporter assays in HEK 293 as 
described above. 

To verify that transfected FST isoforms and FSTL3 were expressed at 
similar levels, 10 pi cell ext^^act and 20 pi conditioned medium from the 
highest-dose wells were subjected to reduced SDS-FAGE ai^d Western 
analysis as described above. 

TT cells transfection and proliferation assays 

TV cells {provided by Dr. Aaron Hsueh, Stanford University, Stan- 
ford, CA) are a clonal, testicular tun^or cell line derived from a p^^/ a- 
inliibm subunit-deficlent mouse line (34). Cells were cultured in DMEM- 
Flam's F-12 (Irl) supplemented with 10% heat-inactivated FBS 
(Invitrogen), 2 mM L-glntamine, and antibiotics. 

TT cells were transfected witli expression consti^uc^-s containing full- 
lengtJn FST288 or FS315 cDNAs (kindly provided by Dr. S. Shimasaki, 
University of California, San Diego, La Jolla, CA) in pCDNA3 vector 
(Invitrogen). Stable colonies were isolated and screened for FST secre- 
tion using om t^vo-site solid-phase immunochcmiiuminescent assay for 
free (unbound to activii>) FST as previously described (29). Cellular 
proliferation was assessed using the CellTiter 96 AQueous One Solution 
Reagent (Promega) colorimetric assay according to the manufacturer's 
recomn\endations. 

Generation of recombinant adenovirus and proliferation of 

infected TT cells 

Adenoviruses encoding FST288 and FST315 were constructed using 
a previously described two-cosmid adenoviral system (35). Briefly, full- 
length FST288 ai\d FST315 cDNAs were cloned into the pLEP plasmid 
and then ligated to a cosmid containing the adenoviral genome (pREP7). 
The Ugation product was packaged in phage packaging extracts (Max- 
Plax^ Epicenter Tedinologies) infected iiito host bacteria, ai-\d hybrid 
cosmids were selected, amplified, and ti:ansfected into HEK 293 cells, 
High'titer stock solutions of adenovirus were obtained by repeated 
amplifications in HEK 293 cells. 



For cell proliferation studies with FST viruses, early-passage stocks 
of TT cells were plated into 60-mm culture dishes. After 24 h incubation, 
500 fxl of HBK 293-conditioned medium containing a high titer of 
FST288-AdV, FST315-AdV, or empty virus, which contained no cDNA, 
was added. The next day, the cells were washed and seeded into 96- well 
plates. Cell proliferation assays were then preformed as described above 
for transfected cells, 

Immunocytochemistry 

HepG2 cells were grown on coverslips, fixed in 4% paj-a formaldehyde 
in PBS for 20 min, and either left nonpermeabilized or permeabilized 
With 0.i% Triton X-100. Myc-tagged FST i^joforms or FSTL3 (1 /xg/ml) 
was then incubated with cells for 1 h, at room temperature in the absence 
or presence of heparin sulfate (100 ^g/ml). After washing, ceHs were 
treated with anti-Myc monoclonal 4A6 (Upstate, Charioitesvilje, VA) 
and antimouse-tetraethylrhod amine isothiocyanate second antibody 
Qackson ImmunoResearch, West Grove, FA). 

Statistics 

Activin-binding kinetic data were analysed by one-way ANOVA for 
differences between isoforms followed by Tukey test Differences of P < 
0.05 were considered sigiiiScant. 

Results 

Production of recombinant FST isoforms 

To compare the biochemical and biological properties of 
FST isoforms and FSTL3, we produced recombinant FST288, 
FST303, FST315, and FSTL3 and compared their biochemical 
aiTd biological properties. All preparations were more than 
90% pure when analyzed by silver stain and Western biot 
analysis (Fig. 1), Under reducing conditions, FST288, FST303, 
and FST315 migrated at appanant molecular weights (M^) 
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Fig. 1. Analysis of recombinant Myc-tagged FST isoform and FSTL3 
proteins. A, Silver stain of FST isoforms and FSTL3 (200 ng/lane) 
after SDS-PAQE under reducing conditions showing proteins were 
more than 90% pure; B, Western analysis of similar gel containing 20 
ng protein/lane using an anti-Myc antibody, verifying the identity of 
the nickel-affmity-purlfied proteins. The recombinant proteiiis ran as 
doublets or triplets indicating different degrees of glycosylation with 
M from 38,000^44000 (FST288), 42,000-47,000 (FS303), and 
45,000 "-50^000 (FST315). FSTL3 migi^ated as a single 36,000 M, spe- 
cies. 
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rangmg from 38,000-50,000 and appeared as dottblets or 
triplets, whereas purified FSTL3 imgrated as a single mo- 
lecular species at 36,000 M^* These apparent molecular 
weighfe are consistent with previously reported estimates for 
these proteins, taking into account tlie size of th.e Myc-His tag 
and variable degrees of n-giycosylaHon. Moreover, relative 
concentrations of the purified proteins were verified by 
Western blot with anti-Myc antibody because all four pro- 
teins could be simultaneously analyzed with a single anti- 
body. These Myc-tagged proteins had identical activin bind- 
ing, cell-surface binding, and biological activity to untagged 
proteins {data not shown). 

Activin-binding affinities ofFST i$oforms 

It has been suggested that the FST isoforms have differ- 
ential activin-binding affinity (14, 36). We therefore evalu- 
ated the activin-binding kinetics of the FST isoforms and 
FSTL3 using a solid-phase binding assay with radiolabeled 
activin A. All FST isoforms and FSTL3 demonstrated rapid 
activin binding (Fig. 2A) with nearly undetectable dissoci- 
ation rates (Fig. 2B), similar to previous observations for 
untagged FST288 and FSTL3 (21). The different levels of total 
activin binding among the isoforms may represent differen- 
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Fig, 2. Activm-bijidingkineticsofFBTisoforms and FSTL3. Purified 
FST or FSTL3 isoforms were adsorbed to 96-weil plates, blocked, and 
l^en incubated with 75,000 cpm ^^Ijactivin ia the absence or pres- 
ences of excess unlabeled activin. A, Reaction was termmated at 
dicated times, wells were washed, and then bomid activin was de- 
termnied, B, After binding reached steady state (3 h), excess 
unlabeled activin was added for indicated times, after which wells 
were washed and coinited. Radiolabeled activin boimd to FST iso- 
forms and FSTL3 with a similar fast association rate but negligible 
dissociation rate. Amnities, calculated from the on and off rate con- 
stants, were not statistically different, 
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tial isofonxi associaHon with the solid-phase support. Nev- 
ertheless, dissociation constants determined as Ko£f/K„a 
demonstrated high-affinity activin binding that was not sig- 
mficantly different among the four proteins (Table 1), Thus, 
there does not appear to be a significant difference in direct 
binding to soluble activin betw^een the FST isoforms. 

Differential association with cell-surface proteoglycans 

Another mechanism whereby FST isoforms might differ- 
entially regulate activin action is through distinct association 
kinetics with cell-surface proteoglycans, an activity that has 
been shown to be modulated by the presence and length of 
the acidic Oterminal domain on FST315 (13). We first as- 
sessed the relative capacity of our isofonn preparations to 
bind cell-surface proteoglycans using p^^ljactivin as an in- 
direct measure of FST cell-surface binding. FST288-treated 
COS cells bound 8-fold more radiolabeled activin compared 
with untreated ceils, and this radioactivity could be removed 
by heparan sulfate treatment, indicating that the activin was 
bound to proteoglycaivassociated FST288 (Fig. 3A). FSTL3 
did not bind to cell-surface proteoglycans as previously re- 
ported (23), Only a small fraction of FST315, which contains 
a full-length C-terminal tail, bound to cell-surface proteo- 
glycans (<50% above basal), whereas FST303, with about 
half tlie C-terminal tail removed, bound 5-fold more activin 
compared with basal but less than half of FST288, indicating 
an intermediate cell-surface binding ability. 

To directly assess binding of FST isoforms to the cell sui>- 
face, immunocytochemistry was used on nonpermeabilized 
cells treated with individual FST isoforms or FSTL3. FST288 
bound quite well to plasma membranes, whereas substan- 
tially less FST303, and no FST315 or FSTL3, was detectable 
(Fig. 3B, rozo A). All FST was displaced in the presence of 
heparin (Fig. 3B, row B), indicating that tliis cell-surface- 
associated, FST was reversibly bound to proteoglycans. In- 
terestingly, when cells were first permeabilized, substan- 
tially more FST288 was detectable bound to membranes . This 
staining appeared to be intracellular as well as on the plasma 
membrane (Fig. 3B, row C), and the FST288 was agau\ dis- 
placeableby heparin (Fig, 3B, row D), suggesting tiiat FST28S 
may bind to membrane proteoglycans both outside and in- 
side cells. Permeabilized cell staining was much reduced for 
FST303 and absent for FST315, consistent with binding to 
nonpermeabilized cells. However, slight staining xvas ob- 
served for FSTL3 in permeabilized cells that was not dis- 
placed by heparin (Fig. 3B, rows C and D), suggesting that 
Tiiton permeabilization treatment may have exposed a bind- 
ing moiety for FSTL3 that is not used by FST isoforms. Taken 
together, these results demonstrate that the FST isoforms and 
FSTL3 have distinct capacities to interact with cell-surface 
proteoglycans and accumulate at the cell surface in corre- 
spondence with tiie presence of an HBS and the length of the 
C-terminal tail. 

Differential inlubition of exogenous vs. endogenous activin 
by FST isoforms 

To determine whetiier differences in cell-surface binding 
translated Into differential bioactivity, the FST isoforms and 
FSTL3, added exogenously or expressed endogenously, were 
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TAELE 1. Activin binding on rates, off rates, and dissociation constants of FST isoforms 



FST28« 



FST303 



F5TL3 



(M min-') X W 
(M X 10-'^) 



7.46 ± L5 
152 ± 0.12 
2.36 ± 0.58 



6.21 ± 1.1 
3,02 ± 0.46 



5.51 + 0,99 
145 ± 0.21 
2,87 ± 0.52 



5.87 „i; 1.3 
2,48 ± 0.76 
3.93 t 0.47 



Shown are moaB and sem of four indepmdciit determinations. No significant differences were found among the isoforms by ANOVA. 



examined for their ability to inhibit endogenous vs. exoge- 
nous activin in HepG2 hepatoma cells, which have a robust 
response to activin using tlie CAGA-luc reporter but do not 
express FST or detectable activin. Wlien individual FST iso- 
forms or FSTL3 was added with activin as exogenous treat- 
ments to the cells, the isoforms were equivalent in their 
ability to neutralize this activin (Fig. 4A.), consistent with 



tlieir comparable affinities for activin (see Table 1). In con- 
trast, when the FST isoforms and FSTL3 wei-e transfected, i.e. 
produced endogenously, but the activin treahnenfc was ex- 
ogenous, FST288 was clearly superior among the isof orms in 
inhibiting exogenous activin (Fig. and the order of their 
activity is consistent with the order of cell-surface association 
(see Fig. 3A). This pattern was also observed when FST 



□ ^^^i^Activin Only 
Bi'^l-Activln + Hep Suit 




£ ^ ^ <^ ^ 



B 



FST288 FST303 FST315 FSTL3 




F,r A^nHnHnr, nf FST koforms and FSTL3 with cell-surface proteoglycans. A, COS cells were treated with equal amounts (50 ng/ml) of 
£t Lft4 oSlIS^ incubatifor an' Ldition^our with P^Jactivin A^S.OOO cpm) alone or together 

with he™ sulfate (Hep Svli} (10 u^ml) to remove ccU-surfaee-associated FST. FST288 efficiently bound to the cell surface, whereas FS315 
^r^TU toS was neS^^^^^^ exhibited an intermediate ocll-si^face binding capacity. A representative ^onmmt is shown B, 

HepG2 cells werrSatelwith FST isoforms or FSTL3 (1 ^m\) in the absence {rvws A and C) or pi^sw>oe(«ws B and D of heparin sulfete 

wiS^ anti-Myc primary and fluorescent second antibodies. As expected from Fig. 3A, FST288 boimdto a greater degree &an PST303 whereas 
FBTsTan/mLS Wnding was undetectable. After permeabifeation, FST288 binding was substanlaaUy increased, and this binding was 
eUmi^ted by hei^rnlfale. indicating that FST288, but not the other isoforms, bound to intraceUular membrane-associated proteoglycans. 
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Exo FST / Exo Aot (5ng/ml) 



B 



Endo FST / Exo Act (5ng/fnl) 



C Exo FST / Endo Act (a-^nQ/weil) 



FST303 
FSt315 
FST13 




^8" 

I 4. 
5 3- 
M 2- 

S 0- 




I i FST303 

t FST315 
♦ FSU3 



10^ 

FST Dose <WI) 



10' 

FST<iDNA(ng/well} 



*mw( — r 

10* 



10^ 



mm' r 
10- 



nmnq 

10* 



D Endo FST / Endo Act (1 ng/welt) 



CandiUoned medium 



Cell Extract 



r 16- 



'5 10^ 
^ 5 




FST28& 
FST303 

FST315 
FSU3 



55 
36 



10-1 



10" 



10^ 



10» 

FSTcDNA{rtg/well) 



10^ 




Fig 4 Differential iiihibition of e^iogenous endogenoiasactivmbioac^^^^ 

of recombinant FST iBoform or FSTL3 proteins were preincubated witb 0.2 nM activm protein and then added to Oie cells, ^mtog protema 
had equivalent inhibitory activity when both FST and activin were added exogenously (Bxo). B. Cells were ti Wected wxtli mcreasmg ainou^^^ 
of FSOTSTL3 cDNA and then treated with 0.2 nM activin. When FST/FSTL3 proteins were made endo^jenous ly (Endo) but acUvi^ delivered 
exogenousiy (Eko). FST288 wa. most active Joliowed by FST303, FST315, ^^^^^S^P^.^J^^^^,^^ 

were transited with 0,5 n^well activin cDNA and then exogenonsly (Exo) treated with FST isoforms/J^^^ activin was endogenously (Endo) 
roduce^L^ FST/FSTL3 delivered exo^onously, the same relative potency as inB was observed, but FSTL3 actm^ was midetectable. D Both 
aS and FST/FSTL3 were transfected. When both activin and FST/FS17.3 were produced endogenoudy ^^ndo) f^^^^^^^ 
the same order as in B. Therefore. FST isoform capacity to inhibit endogenous activm correlates with ceU-surface 

FST303 > FST315 > FSTL3) B For experiments where FST isoforms or FSTL3 were transfected, cell extracts were analyzed by SDb-FAlxi!. 
and Western blot to verifsr that equal amounts of protein were prodiiced for each ieoform. A representative expexiinent is shown. 



isoforms and FSTL3 were added exogenously but the activia 
produced eDdogenoirsly (Fig. 4C) as well as when both FST 
isoforms and FSTL3 along with activin were produced en- 
dogenously (Fig. 4D). To ensure that bioactivity differences 
were not a result of differential production of FST isofornis 
or FSTI3, we examined conditioned meduim and extracts 
from traiisfected HepG2 cells (Fig, 5B). When analyzed by 
Westem blot, all proteins were detected in both conditioned 
medium and cell extracts. Interestingly, FSTL3 was ex- 
pressed to a greater degree than any of the other proteins, 
although it had the lowest bioactivity in Fig. 4, B-D, Con- 
versely, FST288 was expressed at the lowest levels but was 
the most active. Tlnese results indicate that increased activity 
of FST288 was not because of superior protein biosynthesis. 
Thus, differential cell-surface bindii^ among the FST iso- 
forms and FSTL3 correlates with differential bioactivity 
when tlie FST/FSTL3, activin, or both are derived from en- 
dogenous sources, as would be expected when FST and/ or 
activin are acting in an autocrine mode. 

Differential modulation of activin-rmdiated proliferation by 
FST2SS and FST3I5 in TT cells 

The TT mouse testicular tumor cell line produces substaji- 
tial levels of endogenous activin and depends on this activin 



for proliferation (34, 37), making these cells a more physio- 
logical in vitro model for comparing the ability of FST iso- 
forms to differentially suppress activin-mediated prolifera- 
tion. We evaluated the ability of FST288 and FST315, because 
they were the most distinct in. suppressing activin signal 
transduction, to modulate TT cell proliferation by creating 
stably trajisfected cell lines. Tliese stable cell lines express 
both FST and activin endogenously, wliich is critical because 
it was previously shown that exogenous FST288 treatments 
can only weakly inhibit a ctivin-mediated cell growth in tliese 
cells (34, 37). The highest FST-secreting clones were selected 
using our free FST immunoassay, which ensured that in all 
cases, FST concentration in the medium was in excess of 
activin (data not shown)- Compared with untransfected 
(wild-type) cells, proliferation in FST315-transfected TT cell 
lines was significantly enhanced (-25%; P < 0.01), whereas 
proliferation, in FST288-transfected lines was suppressed by 
more than 50% (P < 0.001) (Fig- 5A). 

To verify this differential activity in unselected ceils, we 
generated adenoviruses expressing F5T288 or KT315 under 
the control of the cytomegalovirus promoter and used them 
to infect different pools of wil d-type TT cells derived from an 
identicaJ. stock* Free FST could easily be detected in condi- 
tioned medium of FST288 and FST315 virus-infected cells 
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Days in Cult ui^e 



FiO. 5. DiSerential effect of FST288 vs. FST315 oix TT cell prolifer- 
ation. A, TT cells were transfected with FST288 or FST315 cBNAand 
stable colonies selected; B, Wild-type TT cells were infected with 
recombinant FST288, FST315, or empty adenoviruses. Cell prolifer^ 
atbn was assessed using colorimetrlc proliferation assays. In both 
paradigms, FST288 significantly suppressed, whereas FST315 sir 
nificantly stimulated, proliferation, a, F < 0,001; b. P < 0.01; c, P < 
0.05. 

24 h after infection (54 and 76 ng/ml, respectively). As ob- 
served in the stable cell lines, expression of FST315 by viral 
infection significantly enhanced proliferation {--25%; F < 
0.05), whereas FST288 significantly suppressed proliferation 
(25-40%; F < 0.01) (Fig. SB), These observations demonstrate 
that FST288 and FST315 differentially regulate TT cell pro- 
liferalion, likely reflecting their differential ability to sup- 
press endogenous acdvin activity as described in Fig. 4, 

Cell-mrface binding ofFSTLB increases biological cxtivity 

To further test the hypothesis that cell-surface binding is 
responsible For the superior inhibition of endogenous activin 
by FST288, we expressed FSTL3 as a fusion protein with the 
transmembrane domain of the pDisplay vector, which an- 
chors FSTL3 to the exterior surface of the plasma membrane 
(ajicliored FSTL3). When tested wi th exogenous activin, WO 
ng of both wild-type and anchored FSTL3 suppressed more 
than. 75"/) of activin's activity (Fig. 6A). However, 10 ng of 
wild-type FSTL3 suppressed less than 50% of endogaious 
activin activ ity, whereas the same amount of anchored FSTL3 
suppressed 90%, rea ching similar levels of activity as FST288- 
To verify that anchored FSTL3 was not secreted and thus 
must have been acting at the cell surface, we compared 
FSTL3 in cell extracts and conditioned medium by SDS- 



A 




Fia 6. Increased inhibition of endogenous activin of cell-surface- 
anchored FSTL3. A, FSTLB was fused to the transmembraHie domain 
of pDisplay and then transfected into HEK 293 cells together ^vith tlie 
CAGA-luc reporter and fiA cDNA [endogenous activin (Endo act)] or 
without activin J8A cDNA. For exogenous activin (Exo act) wells, cells 
were treated with 0-2 nM activin. CeHs transfected \vith v^ild-type (wt) 
FSTL3 cDNA were used as controL Results are gi"aphed as percentage 
of maximum activin activity in the absence of FSTL3- Both wild-type 
and anchored (anch) FSTL3 (squares and circles, respectively) inhib- 
ited exogenous activin at all DNA doses (dashed lint^ff) as expected 
from Fig, 4A.. In contrast, anchored FSTL3 was nearly 10-fold more 
active (ED,jo <lose approximately 10-fold lower) than wild-type FSTL3 
at inhibiting endogenous activin [solid lines), demonstrating that 
cell-surface localization by itself affords a substantial advantage for 
inliibiting endogenous activin. B, Cell extracts (10 /xl) and conditioned 
medium (20 jal) from the 100 ng/well were analy7.edby SDS-FAGB and 
Western blot. The vast majority of wild-type FSTL3 (WT) was found 
in the medium as expected, whereas anchored FSTL3 (Anch) was 
located only in the cellular fraction. In addition, the total FSTI-*3 
protein for both fractions was quite similar, indicating that differ- 
ences in activity were not because of differential expression. Results 
from a representative expenment are shown, 

PAGE and Western blot. Jn cell extracts, both wild-type and 
anchored FSTL3 were detected whereas in conditioned me- 
dium, only wild'type FSTL3 was seen (Fig. 6B), and the 
protein concentration of wild-type FSTL3 in both compart- 
ments was similar to membrane-bound anchored FSTLS. 
Taken together, these results demonstrate that localization at 
the cell stirface, as occurs for FST288 because of its HBS, and 
in anchored FSTL3, greatly enhances the ability of FST and 
FSTL3 to suppress endogenous activin activity. 

FST isoforms and FSTLS differentially bind related TGF^ 

family ligands 

FST isoforms and FSTL3 have been reported to bind myo- 
statin (24, 25) and various BMPs (38), but isoform-speclfic 
differences in specificity have not been previously examined.. 
Thus, we compared the ability of myostatin and BMPs to 
compete with radiolabeled activin for binding to the FST 
isoforms and FSTLS. Among the tliree FST isoforms, there 
was Little difference in. the binding potency of myostatin, 
BMF6, or BMP7 relative to activin, whereas BMP2 and BMP4 
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were inactive (Fig, 7, A~C, and Table 2). In contrast, whereas 
myostatin bound to FSTL3 at a relative potency comparable 
to the FST isoforms, BMP6 and BMF7 as well as BMP2 and 
BMP4 were inactive (Fig. 7D and Table 2). Thus, although 
there was little difference in TGFjS-family Hgand specificity 
among the FST isoforms, BMP binding to FSTLS was sub- 
stantially reduced compared with FST isoforms. 

To test the relevance of these relative binding activities on 
biological activity of TGF/3 ligands, we examined the ability 
of exogenous FST isofonns and FST13 to inhibit the activity 
of exogenously added ligands in tine HepG2 cell reporter 
assay. As observed earlier^ and consistent with the binding 
results, the FST isofomts and, FSTL3 had similar activin- 
inhibiting activity (Fig, 8A)- In addition, neither the FST 
isoforms nor FSTL3 inhibited BMP2 or -4 activity (Fig. 8, B 
and C), and FSTL3 did not inhibit BMF6 and -7 bioactivity 
(Fig, 8, D and E). On the other hand, FST288 inhibited BMP6 
and -7 bioactivlty (Fig. 8, D and E) to a greater degree than 
the other FST isoforms despite little difference between the 
isoforms in the binding assay. Similarly, although the three 
FST isoforms were equally active In inhibiti.ng myostatin 
bioactivity (Fig. 8F), FSTL3 had about 5~foid less inhibitoiy 
activity despite having similar binding activit)^ Taken to- 
gether witii the binding shidies, these bioassay results dem- 
onstrate that differential binding specificity of the FST iso- 
forms and FSTL3 for activux BMPs, and myostatin cannot, by 
itself, account for differences in iiihibition of TGPjS Hgand 
biological activity. 

Discussion 

The three FST isoforms have different biochemical char- 
acteristics relating to the activity of their HBS through which 
they bind cell-surface proteoglycans, a property that also 
leads to isoform compartaentalxzation in different tissues 
(14-1.8). These distinctions suggest the possibility that the 
FST isoforms might be responsible for different subsets of the 
biological, actions attributable to FST in vivo. To explore this 
possibility, we compared the activin-binding affiiiities and 
kinetics, cell-surface binding, ligand specificity, and biolog- 
ical activity of the isoforms to FSTL3, wWch unlike FST, does 
not contain an HBS and thus cannot bind to cell-surface 
proteogfycans (23). Our results demonstrate that the activin- 
binding affinity and kinetics of the FST isoforms and FSTL3 
were not distinguishable. Moreover, tl\e potencies of BMPs 
and myostatin for binding to the FST isofonns were not 
different, although BMP binding to FSTL3 was substantially 
reduced. However, the FST288 isoform, which was superior 
in cell-surface proteoglycan binding because of its uninhib- 
ited HBS, inhibited endogenous activin, myostatirv and BMP 
bioactivity to a greater degree compared with the other iso- 
forms or FSTL3. Moreover, we found that FST288 sup- 
pressed, whereas FST315 enhanced, activin-mediated pro- 
liferation in TT cells. These observations Indicate that the 
major biochemical parameter affecting biological activity 
among the isoforms and FSTL3 is the degree of cell-surface 
association. Additional support for this concept was ob- 
tained by expressing FSTL3 as a plasma membrane-anchored 
protein. In this context, the ability of ancliored FSTL3 to 
inhibit endogenous activin was substantially increased rel- 
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A rST288 




B FST303 




C FST3i5 




lO-""^ 10^^" 10'* tO-^ 10^^ io* 

D FSTL3 




Ugand Dose (M) 

Fig. 7. Specifidty of FST isoforms and FSTL3 for TGF/3 family li^ 
gands. Purified FST proteins (25 ng/weli) were attached to microtiter 
plates and then treated with radiolabeled activin A (75,000 cpm/well) 
together with increasing amounts of -unlabeled activin A, myostatin, 
BMP7, BMP6, or BMP2. For the three FST isoforms CA-C), potency 
for competition with radiolabeled activin was as follows; activm A > 
BMP6 ^ myostatin BMP7. BMP2 and BMP4 (not shown) were 
inactive. For FSTLS (D), relative potency was activin A > myostatin, 
but there was no significant competition by BMP6, -7, -2, or -4 (not 
shown), A representative experiment of three to five determinations 
is shown. 
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TABLE 2- JEDso estimate.s for TGF/3 superfamily members as competitors with radiolabeled activiti 



Ligand 


FST288 


FST303 


FST315 


FSTL3 


Activin A 
Myostatru 
BMP7 
BMP6 


0.49 ± 0-09 

3.02 ± o.oa 

5.45 i 1.2 
1.24 5: 0.3 


1.37 ± 0.3 
2.46 ± 0.3 
5.86 ± 0.8 
19.9 ^ 12-5 


1.15 :t: 0.3 
3.68 ± 0.9 
14,3 ± 5.6« 
3.88 ± 1.1 


0.34 ± 0.1 
1.63 ± 0.5 

NC 

NC 



EST isoforms and FSTL3 were pasGively adsorbed to solid'-phase supports . Competition assaj^ were performed by adding radiolabeled activin 
and increasing: doses of milabGled activin, myostatin, BMP7, or BMP6, and ED50 values were calculated. Results are mean ± SB (iiM) for at least 
three independent experiments. NC, No curve, 
Estimate, slopes not parallel. 



ative to soluble approximating the suppression af- 

forded by FST288 itself. Our results therefore demonstrate 
thai cell-surface association js the major biochemical deter- 
minant of biological potency in suppressing the bioactivity 
0^ endogenous activin and related ligands 

Inhibition of activin and related TGF^-family itgands by 
cell-surface-bound FST is analogous to inhibition of auto- 
crine/paracrine actions of these ligands in vivo. Such situa- 
tions might be encountered in tissue differentiation during 
embryonic development or in tlie neonate and adult in reg- 
ulation of these ligands w^ithin tissues. In fact, the observa- 
tions in IT cells are a model for autocrine/paracrine regu- 
lation of activin action because TT cells produce substantial 
amounts of activin. Thus, we found that endogenous FST288 
was effective in inhibiting activin-dependent proliferation in 
TT cells, whereas FST315 was not. Although we did not test 
PSTL3 in tiiiis context/ based on our results in the in vitro 
bioassays as well as previous studies (27), FSTL3 would be 



expected to be even weaker tlian FST315 in inhibiting auto- 
crine activin. Nevertheless, when FSTL3 was anchored to the 
cell surface by a heterologot^ transmembrane sequence, its 
ability to inhibit endogenous activin was greatly enhanced. 
Our results are therefore consistent wiili the HBS and ceil- 
surface binding being critical for maximal inhibition of en- 
dogenous activin and related ligands so that in vivo, FSTZSS, 
and to a lesser degree, FST303, would be expected to serve 
these roles preferentially to FST315 and FSTL3. In vivo ex^ 
amination of this concept is underway. 

The seemingly anomalous increase in. TT ceil proliferation 
when transfected or infected with FST315 vectors is more 
challenging to explain. However, it has been show^n that 
increasing doses of activin resulted in receptor down-regu- 
lation in TT cells, suggesting that because these cells consti- 
tutively produce copious amounts of activin, their signalling 
system is chronically down-regulated (37). Although our 
resuite demonstrate that FST315 is a. less effective inhibitor of 
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Feq. 8. DiiSferential inhibition of exogenoxis TGFjS family biological activity by exogenous FST isoforms and FSTL3. HepG2 (activin and BMP 
assays) or HEK 293 (myostatin assays) cells were transfected with the CAGA-iuc (activin and myostatin) or BRE-luc (BMPs) reporters and 
treated with TGF/3 family ligands (activin and myostatin, 0,2 nM; BMF2 and -4, 0.4 nM; BMP6 and -7, 0.3 nM) together witli increasing amounts 
of FST isoforms and FSTLB as indicated in the figures. FST isoforms and FSTL3 inhibited activin (A) similarly, whereas they were all unable 
to inhibit BMP2 (B) and BMP4 (C). However, only FST288, and to a lesser degree FST303, significantly inhibited BMP6 <D), whereas only 
FST2S8 inlubited BMP7 (D) . Inhibition of my os ta tin (F) was similar to activin except that FSTL3 was about 5-fold less active thaii FST isoforms. 



Epxorpbefel^n !f oep/f oeplpvsobrtVp^lbUVojWpdNf lOpvsof fMcd&szlpoiOpvtf n cf sl44311: ! 



SiiJis i?£ aL • Activity of FolUstatm Isoforms and FSTL3 



Eudocrinclogy. July 2006. 147(7):3586-3$97 3595 



endogenous activin compared with FST288, transfection, 
with FST315 may still have inhibited activin activity suffi- 
ciently to reduce the level of receptor down-regulation, 
thereby resulting iii a more sensitive activin signaling sys- 
tem. These more sensitive XT ceils might then respond to the 
remaining endogenous activin with enhanced proliferation. 

This situation In TT cells is somewhat analogous to the 
pituitary where activin is produced endogenously and con- 
stituttvely and is regulated by FST (4, 39-41). It is not pres- 
ently known which FST isoform is produced withiii the pi- 
tuitary; although there is some suggestion that it might be 
FST315 (42, 43). Thus, one possible mode of FST315 regula- 
tion of activin-stimulated FSH biosynthesis in the pituitary 
may be through reducing down-regulation of gonadotroph 
activin, receptors, thereby producing greater activiai sensi- 
tivity and FSH release. 

In contrast to inhibition, of endogenous activin, exogenous 
FST isoforms and FSTL3 were equally effective at inhibiting 
exogenous activin.. This is equivalent to the in vivo situation 
of uihibiting activin and related ligands in the circulation. 
Moreover, to maintain effective serum concentrations of FST 
and FSTL3, isoforms that do not bind cell-surface proteo- 
glycans would be preferable. Consistent with, differential 
distribution of FST isoforms within the body, we recently 
identified FST315 as the circulating FST isoform in humans 
(18), whereas FSTL3. but not FST, was identified as a circu- 
lating binding protein for myostatin (24). Thus, our results 
indicate that the distribution of FST isoforms correlates with 
their heparin-binding activity so that PST3I5 and FSTL3 act 
primarily as regulators of endocrme activin, myostatin, and 
perhaps BMPs. Moreover, our r^ults are consisten t with a 
compartnientalization of FST isoforms based on cell-surface 
binding that results in their being responsible for different 
biological actions in vivo. 

In addition to the classical signaling pathway of activin 
binding to cell-surface receptors and transducing an intra- 
cellular Signaling cascade, recent evidence has been pre- 
sented for another pathway where activin or TGF|3, bound 
to type II receptor, is endocytosed to early endosomes. In this 
model, activin or TGFp signals are transduced via contact 
with Smad anchor for receptor activation (SARA)-bound 
Smad proteins that reside in endosomes (44 --46). Within this 
system, FST could act at the cell surface to antagoiiize activin 
binding or enter tlie cell, via endocytosis along with the ac- 
tivm-receptor complex where it could then reduce signaling 
by sequesterijig activin as it dissociates from receptors. 
FST288 has also been reported to bind radiolabeled activin at 
the cell surface, where it is then internalized and presumably 
degraded (47). Tlius, FST288, by virtue of its greater ability 
to bind cell-surface proteoglycans, may have greater activin- 
inliibitory activit)' by antagonizing activin both at ttie cell 
surface and within endosomes, whereas FST315 and FSTL3 
can act only on activin that is exti^acellulan Intracellular 
localization and possibly activity of FST288 is supported by 
the immunocytochemical results in this study showing 
FST288 binding to intracellular membranes that is reversible 
by heparin treatment, as well as by our previous results 
demonstrating that some newly synthesized FST288 remains 
in the cytoplasm for up to 4 h (48). Regardless of where 
FST288 actually inhibits activin binding to its receptor, it 



clearly has increased ability to inhibit endogenous activin 
activity relative to the other isoforms and FSTL3- These re- 
sults collectively indicate that the different FST isoforms may 
have different in vivo biological roles and tliat FST316 will 
have activities more closely related to FSTL3 because both 
have low cell-surface binding abilit)^ 

Although high-affinity binding of FST to activin and myo- 
statin has been previously reported (21, 25, 31, 36, 49), the 
relative ^cthniy of the three FST isoforms, as directly com* 
pared here, has not been described. In addition, there is some 
disagreement over rela tive binding af fijiities for the different 
ligaiids owing to the wide range of different techniques used 
(36, 49, 50), For example, different dissociation constants 
were reported for FST288 and FST315 binding to activin 
immobilized on a Biacore chip (36), which contrasts with our 
determination of similar affinities among the FST isoforms. 
However, the recently reported crystal structure for the 
reT288-activin complex (51), which fotmd two FST mole- 
cules bound to one activin. dimer, a.ppeared to require flex- 
ibility of the activin dimer because its configuration in com- 
plex with FST was distinct from its conformation in complex 
with its receptor (52), Thus, immobilization of activin during 
surface plasmon resonance analysis with the Biacore system, 
may inhibit this flexibility, leaving activin in an urmat-ural 
conformation that favored one FST isoform over another. 
This may also be applicable to previously reported affinities 
for FST binding to BMF4 determined using the same tech- 
nology (50). In our study, activin was presented in solution 
and may thus be more physiological because in vivo, TGF^ 
ligands are more likely to contact FST or FSTL3 in solution. 
Nevertheless, our results indicate that when compared di- 
rectly in competition assays as in this study, activin appeared 
to be the preferred Hgand for FST isoforms and FSTL3. 

FSTL3 has been identified as a circulating binding protein 
for myostatin in humans and mice (24). However, these in- 
vestigators were unable to identify any circulating myostatin. 
bound to FST using SDS-PAGE followed by mass spectros- 
copy. This is unexpected because the FST isoforms appear to 
neutralize myostatin better than FSTL3. We have previously 
reported (21, 31), and confirmed here, that activin binding to 
FST is essentially irreversible, as appears to be the case for 
myostatin as well (49). Moreover, FST has been shown, to 
inhibit myostatin activity when expressed transgenically in 
muscle (25). Taken together, these studies indicate that both. 
FST and FSTL3 can bind and neutralize activin and myo- 
statin. The prefeiTed ligand may depend on which Hgand 
gains access first to either FST or FSTL3, whicla is in turn a 
function of differential tissue or organ distribution of FST 
and FSTL3 (21). 

In summary, our results clarify the activin-binding affinity 
among tlie FST isoforms and FSTL3 aiid demonstrate tiiat 
their differential activin-regulating activity is dependent on 
ti^eir relative cell-surface binding activity rather flian on dif- 
ferenti.al activin-binding affinity. Our results also define the 
relative specificity of binding and inhibitory activity for a 
number of related TGFjB-family ligands by the FST isoforms 
and FSTL3, with FSTL3 being almost completely inactive in 
regulating BMP ligands, thereby suggesting that in vivo, 
FSTL3 is unlikely to regulate BMP activity. Finally, our re- 
sults suggest that the in vivo biological roles of the FST iso- 
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fomos and FSTL3 are likely to be distinct, dependent on their 
relative cell-surface binding activity and consequent com- 
partmentaiization within the body as well as on colocaliza- 
tion of biosynthesis in different tissues. 
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